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Abstract

Abstract
Rupture of the anterior cruciate ligament (ACL) of the knee joint frequently occurs in
sports that require the athlete to land or change direction suddenly. The structural
integrity of this ligament during such maneuvers is heavily dependent upon coordinated
quadriceps and hamstring muscle activation. Therefore, strategies used to recruit these
muscles have a pivotal role in equipping the knee to withstand the high forces
experienced during dynamic landing to reduce the risk of ACL injury.

Despite

extensive research pertaining to the ACL, no research has examined whether athletes
can change the way they recruit their lower limb muscles to better protect the knee
during dynamic landing.

In Study 1, 24 skilled netball players performed 10 trials of a dynamic landing task, for
each of four conditions: (i) normal landing (N); (ii) repeat normal landing (R); (iii)
landing following an instruction to bend their knees more (K); and (iv) landing
following an instruction to turn their hamstring muscles on earlier and more before footground contact (M). During each trial the sagittal plane motion, ground reaction forces,
and muscle activity for rectus femoris (RF), vastus lateralis (VL), semimembranosus
(SM), and biceps femoris (BF) of the landing limb were recorded. Results showed that
simply asking players to bend their knees more on landing (K condition) was somewhat
effective in increasing knee flexion.

However, players were unable to selectively

recruit their hamstring muscles upon request during this abrupt landing task. It was
concluded that more extensive muscle training was required to alter the subjects’
hamstring-quadriceps muscle recruitment patterns during landing.

Therefore, the

vii

Abstract

purpose of Study 2 was to assess the efficacy of an electromyographic biofeedback
retraining program to alter hamstring muscle recruitment during landing.

For Study 2, 28 netball players performed the same landing action as described in Study
1 for 10 trials before (PRE) and after (POST) a 6-week interval in which the 14
experimental athletes completed hamstring biofeedback training for three 30-minute
sessions per week, while the control subjects maintained their normal playing routines.
Results confirmed that the biofeedback training was ineffective in training the subjects
to significantly alter the timing of their hamstring muscles. Further a priori analysis of
the data using single-subject design (Study 3) revealed that, although individuals
displayed a variety of changes in muscle recruitment patterns that were masked when
only examining the experimental group mean data, the biofeedback program was still
not successful in achieving earlier hamstring muscle recruitment.

In conclusion, it is still unknown how to best train individuals to equip them to perform
dynamic landings without sustaining ACL ruptures. Further research is required to
elucidate benefits of verbal instructions in landing training, to understand whether
electromyographic biofeedback training can be used to train muscle recruitment patterns
during dynamic landings, and to ascertain whether combining group mean data and
single-subject analysis gives a more complete picture of how a group of individuals
responds to a training intervention. With further research attention, it is anticipated that
the risk of ACL rupture may be reduced.
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The Problem

Chapter 1
The Problem
1.1

Introduction

The anterior cruciate ligament (ACL) of the knee joint is a complex collagenous banded
structure which attaches to the anterior tibia and the posterior inner aspect of the lateral
femoral condyle (Norkin & Levangie, 1992). Commonly, the numerous fascicles of the
ligament are functionally grouped into an anteromedial (AMB) and a posterolateral
band (PLB; Norkin & Levangie, 1992). The AMB is lax in knee extension whilst the
PLB is taut, with reciprocal roles during knee flexion (Cabaud, 1983). However, both
bundles are particularly lax and allow most anterior tibial translation at approximately
30° of knee flexion (Torzilli et al., 1981). The ligament as a whole acts as the primary
restraint to anterior displacement of the tibia, relative to the femoral condyles, and is
responsible for restraining approximately 86% of the tibiofemoral shear force at the
knee (Butler et al., 1980). The ligament also has a role in producing and controlling
rotation of the tibia (Daniel & Fritschy, 1994).

The ACL has been the focus of substantial research attention in past years, with in
excess of 3,500 articles having been published on this ligament (Garrick, 1999, cited in
Griffin et al., 2000). This extensive attention has been primarily due to the high
incidence of injury incurred by the ACL (Daniel & Fritschy, 1994) combined with the
debilitating and costly nature of this injury, especially in athletic populations (DeLee &
Farney, 1992; Donaldson et al., 1997; Gomez et al., 1996; Moore & Wade, 1989). In
fact, of all the knee ligaments, the ACL is most frequently ruptured (Boden et al.,
2000a), with an injury frequency 14 times greater than the posterior cruciate ligament
(Myklebust et al., 1997). The ACL is particularly vulnerable to rupture due its complex
1
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structure and location, its primary role in restraining anterior tibial translation, and due
to the substantial forces imposed on the ligament during dynamic activity.

Miyasaka et al. (1991) reported that in the United States of America one in 3,000
individuals sustained an ACL injury every year, generating approximately 250,000
injuries annually (Hewett & Noyes, 1998, cited in Boden et al., 2000b). It is estimated
that 70-90% of these injuries are sports related (Colby et al., 2000), commonly
occurring in activities involving rapid deceleration (Miller et al., 1995), quick changes
in direction (Bartold, 1997), and/or dynamic single-limb landings (Hopper & Elliott,
1993; Hume & Steele, 1997; Otago & Neal, 1997). Unfortunately, adult females sustain
2-8 times more ACL ruptures than their male counterparts for the same sports (Boden et
al., 2000b), with a similar trend for high-school aged athletes (Powell & Barber-Foss,
2000). Daniel & Fritschy (1994) claimed that one ACL tear occurred for approximately
every 1,500 player hours for the sports of football, skiing, basketball and soccer. Other
authors have highlighted that it is in Australia’s most popular participation sports, such
as basketball, football, soccer, rugby league, Australian Rules football, rugby union, and
netball, that ACL ruptures are most prevalent (Boden et al., 2000a; Seward, 1997).

The prognosis for an individual incurring an ACL rupture is grim. Unresolved ACL
rupture typically results in a distinct syndrome which includes anterior and rotary
instability, quadriceps muscle atrophy, degeneration of the articular joint surfaces,
meniscal damage, degenerative osteoarthritis, osteophyte formation, recurrent pain, and
further knee dysfunction and deterioration (see Section 2.3; Noyes & McGinniss, 1985).
Reconstructive surgery to repair the damaged ACL is therefore usually required if an
active lifestyle is to be maintained (Pinczewski et al., 1997), particularly for young

2
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athletes. However, ACL reconstructive surgery and the following rehabilitation are
expensive, having been estimated to cost US$17,000 per patient (Frank & Jackson,
1997).

Frank & Jackson (1997) suggested that 50,000 ACL reconstructions are

conducted each year, yielding a bill of approximately US$850 million in the United
States of America per annum. Estimates of greater amounts of up to US$1.5 billion per
annum have been expressed by other authors (Kao et al., 1995; Malek et al., 1996).
However, these costs do not include the personal costs imposed on the athlete due to the
trauma of the injury, lost playing time, the feasible end to their playing career (Clasby &
Young, 1997; Scranton et al., 1997), costs from post trauma joint degeneration (Griffin
et al., 2000), nor costs accumulated due to work absenteeism. Nor do these costs reflect
initial evaluation and treatment expenses incurred by the injured athlete, nonsurgical
care of patients who do not undergo surgery, or the costs of ongoing treatment for
conditions such as post-traumatic arthritis (Boden et al., 2000b). Whilst reconstructive
surgery can mechanically repair the ruptured ACL, albeit costly, the grafted structure
cannot truly replicate the complex functional and proprioceptive role of the native ACL.
Therefore, injury prevention strategies are vital to decrease the incidence and associated
costs of ACL ruptures in our community.

Despite substantial ACL research during the last 25 years, little attention has been given
to the underlying causes and prevention of ACL injuries (Boden et al., 2000b; Climstein
et al., 1997; Einoder, 1990).

There have been many papers examining ACL

epidemiology, advances in surgical techniques, and improvements in rehabilitation for
ACL reconstructed and deficient populations. However, limited research attention has
focussed on ACL injury prevention strategies. In fact, Garrick (1999, cited in Griffin et
al., 2000) noted that out of 3,572 Medline citations with the topic ‘ACL’, only 133 were
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subheaded ‘prevention’. Less than 10 of these papers dealt with injury prevention as
opposed to preventing surgical complications related to ACL injury. Similarly, Perrin
(1999) highlighted the disparity of published ACL injury prevention research. This
author reported that less than 1% of ACL related citations pertained to “injury
prevention”. However, as approximately 70% of ACL ruptures occur in non-contact
situations (see Section 2.2), injury prevention is of crucial health and economic
importance (Boden et al., 2000b; Griffin et al., 2000), as appropriate intervention
programs may potentially reduce the high incidence of these non-contact ACL injuries
(Lloyd Ireland, 1999).

What injury prevention strategies might be appropriate to reduce the incidence of ACL
ruptures? As previously stated, rupture to the ACL is common in tasks involving abrupt
deceleration, rapid direction changes, and sudden landing. The integrity of the ACL in
such dynamic tasks relies upon the proper coordination of lower limb musculature,
especially the quadriceps and hamstring muscle groups (See Sections 2.4-2.6). In
particular, the hamstring muscles act as secondary restraints to anterior tibial translation
when the ACL is excessively loaded (Solomonow et al., 1987). Despite the importance
of this muscle group in assisting the ACL to stabilise the knee, no study to date has
examined whether skilled athletes can be taught how to change the way they use their
hamstring muscles during dynamic activities to better protect their ACL.
Fundamentally, if hamstring muscle activation patterns can be altered by simple verbal
instructions or retrained to achieve more optimal muscle recruitment patterns, the
incidence of ACL injuries may potentially be reduced.

4
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1.2

Statement of the Problem

The purpose of this thesis was to investigate whether skilled athletes could be taught to
alter their hamstring muscle activation patterns and knee joint flexion displayed during a
dynamic deceleration task. To achieve this aim we initially (see Study 1) examined
whether simple verbal instructions, given to skilled athletes before performing a
dynamic landing task, were sufficient to enable the athletes to change their muscle
recruitment patterns. As it became evident that the simple verbal instructions were
ineffective to accomplish the desired changes in landing technique (See Section 3.3), we
then examined whether skilled athletes could be trained to change the way they
recruited their hamstring muscles during dynamic landing to better protect the ACL
from injury, using electromyographic (EMG) biofeedback (Study 2 and 3). A specific
statement of the problem for each study is provided in the introduction to the relevant
experimental chapters (see Sections 3.1.1, 4.1.1, and 5.1.1).

1.3

Significance of the Thesis

Rupture of the ACL is a frequent and debilitating injury in many of the popular
Australian participation sports that employ dynamic landings. Structural integrity of the
ACL during dynamic landing tasks relies on proper coordination of the lower limb
muscles, especially the hamstring and quadriceps muscle groups. Therefore, proper
recruitment strategies of these muscles, combined with correct knee flexion, are crucial
to equip the knee to withstand the high forces experienced during dynamic landing, and
thereby reduce ACL injury susceptibility. Limited attention has focussed on injury
prevention strategies that may effectively reduce the high incidence of ACL rupture.
Whether simple verbal instructions or intensive muscle retraining may beneficially alter
the lower limb muscle activation patterns displayed at landing so as to better protect the
5

The Problem

knee is currently unknown. Hence, these studies are urgently warranted to investigate
the efficacy of simple verbal instructions and muscle retraining as means of reducing
the risk of ACL rupture during dynamic landing. The results of these studies will
forseeably have immediate implications for athletes who, in particular, have an
increased risk of ACL rupture (see Sections 1.1, 2.2 and 2.6), and for future training
practices and subsequent injury rates in sports that commonly incur ACL injuries.

6
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Chapter 2
Literature Review
2.1

Introduction

In order to develop the theoretical framework underlying the present thesis, it was
necessary to firstly review the related literature. Despite the multitude of literature
pertaining to the ACL of the human knee joint, only literature directly related to the
three studies which were conducted in this thesis was reviewed. The specific topics
examined and how this literature relates to the studies is depicted in Figure 2.1.

ACL Injury
• Mechanisms of ACL Injury
• The Functional ACL Deficient Knee

The Hamstring and Quadriceps Muscles
• The Role of the Hamstring and Quadriceps Muscles
• Hamstring Muscle Recruitment During Dynamic Tasks
• Can Muscles Protect the ACL During Landing?
• Verbal Instructions: A Simple Solution?

Hamstring Muscle Retraining
The Role of Motor Programs in Dynamic Landing
Neuromuscular Training Possibilities
Muscle Retraining via Biofeedback
Summary

•
•
•
•

Figure 2.1: Flow diagram representing the literature review.
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2.2

Mechanisms of ACL Injury

Rupture to the ACL often results from excessive forces that cause the ligament to be
loaded to the point of failure (Boden et al., 2000a), and may be classified as either
contact or non-contact. Contact injuries occur when physical contact is made between
an object or person and the individual, resulting in ACL rupture, whereas non-contact
ACL injury involves no contact to the individual during an injury episode.
Approximately 70% of ACL injuries occur via non-contact means (Arendt & Dick,
1995; Boden et al., 2000a; Gomez et al., 1996; Griffin et al., 2000; Miller et al., 1995).

2.2.1 Ground Reaction Forces and ACL Injury
Typically, non-contact ACL injury occurs during abrupt stopping (Boden et al., 2000a;
Miller et al., 1995; Moore & Wade, 1989), rapid direction changes (Boden et al., 2000a;
Bonci, 1999; Goris & Graf, 1996; Kirkendall & Garrett, 2000), pivoting at full speed
(Einoder, 1990), and/or during landing, often combined with poor landing technique
(Ferretti et al., 1990; Hopper & Elliott, 1993; Hume & Steele, 1997; Otago & Neal,
1997).

During such movements the knee is subject to high braking forces as the

decelerating person attempts to stop their forward motion upon landing on the ground
surface (Dufek & Bates, 1991). These braking forces associated with deceleration and
landing have been found to be positively related to the tibiofemoral shear forces
experienced at the knee (McNair & Marshall, 1994). As the ACL is the primary
restraint to these tibiofemoral shear forces (Liu & Mirzayan, 1995; Miller et al., 1995),
braking forces typically generated during abrupt landing activities are likely to have a
detrimental effect on the integrity of the ACL. If these shear forces are experienced at a
high rate of loading, and in conjunction with poor lower limb muscle control (see
8
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Section 2.2.2), the ACL will have an even greater risk of injury. The high groundreaction forces typically generated during single-limb landings, including the braking
forces (represented by the anteroposterior component of the ground reaction forces), are
recorded in Table 2.1.

During the aforementioned dynamic activities the ACL not only has to restrain anterior
tibial translation, but also controls and checks rotation of the tibia with respect to the
femur. Therefore, combinations of excessive rotation (internal and external; Boden et
al., 2000a) during knee flexion may likewise rupture the ACL, especially when
combined with anterior displacement of the tibia relative to the femur.

2.2.2

Muscle Recruitment and ACL Injury

Poor quadriceps-hamstring muscle recruitment and coordination has been suggested by
many authors (Boden et al., 2000b, DeMont et al., 1999; Schultz et al., 1984) to
contribute to ACL rupture. For example, Boden et al. (2000b) postulated that abnormal
motor patterning whereby the quadriceps were preferentially activated prior to the
hamstring muscles to be a likely cause of ACL rupture. The rationale behind this notion
is explained in Section 2.6. Activities that involve ‘out of control’ play have also been
implicated as common non-contact ACL injury mechanisms (Griffin et al., 2000).
Often these movements occur when the knee joint is near full extension (Boden et al.,
2000a; Kirkendall & Garrett, 2000). This knee position affords the quadriceps muscles
a better mechanical advantage, in contrast to a more flexed knee, to more effectively
load and possibly damage the ACL (see Section 2.4).

Insert table 2.1 about here – sideways one page
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Table 2.1: Typical ground reaction forces generated during single-limb landings.

Reference

Cowling & Steele (2001a)
McNair & Marshall (1994)
Steele & Brown (1999)
Steele & Milburn (1987)
Steele & Milburn (1988)
Steele & Milburn (1989)

Subject Population

healthy skilled athletes
healthy and ACL deficient athletes
healthy and ACL deficient athletes
healthy skilled athletes
healthy skilled athletes
healthy skilled athletes

Peak F V *
(BW)

Peak F AP
(BW)

Peak F R
(BW)

5.0 - 5.2
4.0 - 6.0
3.0 - 3.6
3.9 - 4.3
3.5 - 3.8
3.3 - 4.5

2.4 - 2.5
1.6 - 1.9
4.2 - 4.6
3.0 - 4.0
2.6 - 4.1

5.6 - 5.8
3.2 - 3.9
-

* Peak F V = peak vertical ground reaction force; Peak F AP = peak anteroposterior ground reaction force; Peak F R = peak
resultant ground reaction force.
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Kirkendall & Garrett (2000) and Griffin et al. (2000) suggested that during cutting
manoeuvres the hamstring muscles were at a mechanical disadvantage in terms of
providing a posterior tibial drawer force due to the limited degree of knee flexion (020°) typically displayed during the movement (see Section 2.4). Colby et al. (2000)
similarly noted that ACL injury during activities such as side-step cutting, cross cutting,
stopping and landing was associated with high levels of eccentric quadriceps muscle
activity occurring prior to initial foot-ground contact, with peak quadriceps activity
typically occurring just after landing. This was usually combined with sub-maximal
hamstring muscle activity at and after foot-ground contact, and limited knee flexion.
The role of the hamstring and quadriceps muscles in terms of loading the ACL, with
implications for developing injury prevention programs is further discussed in Sections
2.4-2.6.

Knee flexion angles typically displayed during dynamic single-limb landings are given
in Table 2.2. Steele (1990) suggested that subjects performing dynamic landing tasks
should land with the knee flexed 17° at the time of initial contact (IC) and 40° at the
time of the peak F R to minimise musculoskeletal injury, whereas Paulos et al. (1981)
claimed that greatest stress to the ACL has been reported for knee flexion angles of 040°. However, due to the restraints of the task of dynamic single-limb landing, landing
with knee flexion angles within this stressful range of 0-40° is unavoidable.
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Table 2.2: Typical knee flexion angles displayed during single-limb landings.
Reference

Cowling & Steele (2001a)
Gauffin & Tropp (1992)
Steele & Brown (1999)
¥

Subject Population

healthy skilled athletes
ACL deficient athletes
healthy and ACL deficient athletes

Knee Flexion Angle (°)
IC time¥
Peak F R timeΨ
18 - 19
11 - 16
8-9

IC = intial contact of the landing foot with the ground.
Peak F R = peak resultant ground reaction force.
* Knee flexion angle in degrees reported at Peak F V (peak vertical ground reaction force) time.
Ψ

28 - 29
27 - 30*
21 - 24
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2.3

The Functional ACL Deficient Knee

It is not uncommon for ACL injury to be followed by a period of extended disability
(Arendt & Dick, 1995; Bonci, 1999; Caraffa et al., 1996). As was stated previously,
rupture to the ACL is typically followed by a distinct syndrome which involves knee
instability, quadriceps muscle atrophy, further damage to knee joint structures such as
menisci and ligaments, degeneration of the articular surfaces, osteophyte formation,
recurrent pain, abnormal tibiofemoral joint kinematics, repetitive joint trauma, and a
generally progressive state of knee dysfunction and degeneration (Beynnon & Fleming,
1998; Noyes & McGinniss, 1985; Roos et al., 1995). For this reason, reconstructive
surgery is usually recommended to repair the damaged ACL if an individual wishes to
maintain an active lifestyle (Pinczewski et al., 1997). However, even after surgical
intervention and intensive rehabilitation, pre-injury levels of sports performance are
typically difficult to achieve (Moore & Wade, 1989; See Section 1.1).

Despite the degenerative manifestations that typically result from ACL rupture, there
exists a small subset of ACL deficient individuals who have minor or no limitation to
normal knee functioning (Walla et al., 1985). The high functional status of this subset
of patients has been attributed to the ability of these individuals to recruit their lower
limb muscles at the correct time and with sufficient strength (Sinkjær & Arendt-Nielsen,
1991; Steele & Brown, 1999; Walla et al., 1985).

In particular, functional ACL

deficient individuals appear to be able to recruit their hamstring muscles on demand
when the ACL is excessively loaded, typically when the knee is near full extension, to
provide secondary restraint to anterior tibial translation (Solomonow et al., 1987; See
Section 2.5). In the ACL deficient knee, the hamstring muscles have an important role
as joint stabilisers, particularly to prevent giving way episodes, whereby the knee
13
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“buckles and collapses”, and fails to hold an individual’s weight (Caborn & Johnson
1993).

Various studies have highlighted the important role of coordinated knee

musculature in providing joint stability in the absence of the native ACL (Bencke et al.,
2000; Beynnon et al., 1997; Ciccotti et al., 1994; Kwak et al., 2000; MacWilliams et al.,
1999). Whether such protective muscle activation patterns, present in ACL deficient
functional patients, can be replicated in healthy individuals as a means of ACL injury
prevention is currently unknown.

2.4

The Role of the Hamstring and Quadriceps Muscles

The hamstring muscles, consisting of the semitendinosus, semimembranosus and biceps
femoris (long and short heads), extend from the ischial tuberosity to attach to the medial
condyle of the tibia (semimembranosus), the head of the fibula and lateral condyle of the
tibia (biceps femoris), and to the proximal portion of the medial surface of the body of
the tibia (semitendinosus; Van De Graaff, 1992).

These muscles are primarily

responsible for knee flexion although, due to their origins and insertions, they also have
a role in medial (semimembranosus, semitendinosus) and lateral (biceps femoris long
head) rotation of the tibia with respect to the femur (Norkin & Levangie, 1992). With
the exception of the short head of biceps femoris, the hamstring muscles are biarticular
and therefore can affect segmental motion occurring at both the hip and knee joints
(Norkin & Levangie, 1992). Consequently, the degree to which the hamstring muscles
are able to adequately restrain anterior tibial translation and provide synergy to the ACL
is dependent upon knee and hip joint position. The effectiveness of hamstring muscle
contraction in decreasing anterior tibial translation relative to the femur was examined
by Hirokawa et al. (1991) in a study using 12 cadaveric knees. Assuming a constant hip
angle, as the knees were extended from full flexion, the line of action of the hamstring
14
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muscles (F h ) became perpendicular to the tibia (see Figure 2.2a). In such a position of
knee flexion (see Figure 2.2a), hamstring muscle contraction exerted a posterior force
on the tibia. However, upon further knee extension, the force component that was
perpendicular to the tibia decreased (see Figure 2.2b). Consequently, the hamstring
muscles became increasingly ineffective at being capable of stabilising the tibia and
preventing excessive anterior tibial translation compared to more flexed knee positions
(Berchuck et al., 1990). The hamstring muscles were noted to be particularly ineffective
in providing a posterior tibial drawer force in the range of 0-15º of knee flexion (see
Figure 2.2c). In this knee flexion range the hamstring muscle force line of action only
had

a

small

perpendicular

rotary

component

compared

to

the

vertical

stabilising/dislocating component. Therefore, the ability of the hamstring muscles to
provide synergy to the ACL when the knee was near full extension was severely limited
(Hirokawa et al., 1991).

Femur

Femur

Femur

Fh

Fh

Fh
90°
Tibia

90°
Tibia

(a)

90°
Tibia

(b)

(c)

Figure 2.2: Hamstring muscle force component at differing knee angles. (a) Full
hamstring co-contraction force (F h ) applied perpendicular to the tibia during midflexion; (b) the perpendicular component (red) is decreased as the knee extends; (c) near
full extension the perpendicular component of the hamstring force is further reduced and
can only provide a minimal posterior drawer force (adapted from Hirokawa et al., 1991,
p. 207).
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The quadriceps muscles, consisting of the rectus femoris, vastus lateralis, vastus
medialis and vastus intermedius, originate from the spine of the ilium and lip of the
acetabulum (rectus femoris), the greater trochanter and the linea aspera of the femur
(vastus lateralis), the medial surface and linea aspera of the femur (vastus medialis), and
from the anterior and lateral surfaces of the femur (vastus intermedius; Van De Graaff,
1992).

These muscles, which all insert onto the patella via a common tendon, are

primarily responsible for knee extension (Van De Graaff, 1992).

The quadriceps

muscles not only rotate the tibia at the knee joint but also produce a shear force between
the tibia and femur, acting in opposition to the ACL (Pope et al., 1991). However,
during ACL loading, the quadriceps muscles are reflexly inhibited to help preserve knee
joint stability (Solomonow et al., 1987). Injury to the ACL may occur, however, when
there is poor quadriceps-hamstring muscle recruitment timing, whereby the ACL and
hamstring muscles are not able to withstand the shear forces generated by the quadriceps
muscles. For example, Colby et al. (2000) suggested that minimal hamstring muscle
activity with a nearly extended knee at foot-ground contact during dynamic landing,
combined with high-speed eccentric quadriceps muscle contraction, could produce a
large anterior tibial translation force capable of rupturing the ACL. Therefore, proper
quadriceps-hamstring muscle coordination is crucial if ACL integrity is to be maintained
during dynamic tasks.

Several factors have been shown to influence hamstring-quadriceps muscle
coordination, including gender (Cowling & Steele 2001b) and skill level (Viitasalo et
al., 1998). Cowling & Steele (2001a) suggested that upper limb motion involved in
catching a ball upon landing changed the timing of the quadriceps-hamstring muscle
activation patterns, whereby less protective muscle activity patterns were displayed by
16
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subjects when catching a ball compared to landing when not catching a ball. That is, the
upper limb motion involved in catching a ball was suggested to result in earlier
quadriceps muscle activity that may have promoted anterior tibial translation and
thereby increased ACL injury potential during dynamic landing. Whilst catching a ball
cannot be removed from ball sports, injury prevention programs need to acknowledge
such factors if they are to be effective in reducing injury susceptibility.

Typical muscle activation pattern variables from studies involving dynamic landing are
depicted in Table 2.3. These studies indicate a sequence of muscle activity whereby the
hamstring muscles were recruited prior to the quadriceps muscles and before initial
contact. Also noteworthy, is that peak hamstring muscle activity occurred prior to initial
contact, whereas peak quadriceps muscle activity occurred after initial contact.

2.5

Hamstring Muscle Recruitment During Dynamic Tasks

Neural connection between the ACL and the hamstring muscles in an intact knee is via
an ACL-hamstring reflex arc (Krogsgaard et al., 2002; Solomonow et al., 1987). That
is, the hamstring muscles are thought to be recruited on demand when the ACL is
excessively loaded (Solomonow et al., 1987), typically during knee extension, to assist
in restraining anterior tibial translation. Although the hamstring muscles are not reflexly
recruited during lower rates of loading, when the ACL is not highly stressed
(Solomonow et al., 1987), the hamstring muscles are reflexly recruited with higher rates
of ACL loading.

However, at these faster loading rates, reflex contraction of the

hamstring muscles often occurs too slowly to effectively protect the ACL from injury
Insert table 2.3 about here - sideways
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Table 2.3: Typical temporal variables for the quadriceps and hamstring muscles displayed during single-limb landings.
Reference

Subject Population

Muscle

Burst
Muscle Variable
Duration Burst Onset to IC

Burst
Peak to IC

Cowling & Steele (2001a)

healthy skilled athletes

RF*
VL
SM
BF

380 - 386
354 - 375
290 - 301
354 - 355

'-61 - -86**
-100 - -109
-149 - -151
-150 - -162

70 - 77
45 - 54
-27 - -41
-39 - -55

Steele & Brown (1999)

healthy and ACL deficient athletes

RF
VL
SM
BF

343 - 378
336 - 375
325 - 427
316 - 376

-63 - -78
-102 - -119
-155 - -197
-166 - -221

79 - 85
53 - 78
-29 - -51
-35 - -60

* RF = rectus femoris, VL = vastus lateralis, SM = semimembranosus, BF = biceps femoris.
** a negative number indicates muscle activity occurring prior to initial contact (IC; 0 ms)
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(Grabiner & Weiker, 1993; Solomonow et al., 1987). For example, during a dynamic
landing after catching a ball, peak tibiofemoral shear forces have been reported to occur,
on average, approximately 28-33 ms following initial foot-ground contact (Cowling &
Steele, 2001a; Steele & Brown, 1999). However, reflex contraction of lower limb
muscles has an estimated latency of 100 ms during unexpected (involuntary) falls if
initiated by the otoliths (Melville Jones & Watt, 1971), or approximately 70-100 ms for
a voluntary response (Dietz et al., 1985; Krogsgaard et al., 2002; Lee & Tatton, 1975),
with longer times for a voluntary response when fatigued (Wojtys et al., 1996).
Woollacott et al. (1984) noted reflex latencies of 40-80 ms for gastrocnemius and soleus
muscles as subjects prepared for a push or pull arm movement. Moseley et al. (2003)
noted an average latency of 55 ms for medial lumbar muscles following an unpredicted
perturbation of the trunk, and an average latency of 22 ms for the biceps brachii muscle
when a weight was dropped without warning into a bucket held by the subject. Moseley
et al. (2003) also noted that there was a reduction of 10-15 ms duration in EMG burst
latencies when perturbations of the trunk were initiated by the subject as compared with
unpredicted perturbations.

Quinn & Sherwood (1983) noted average EMG onset latencies of 141-192 ms for biceps
brachii and triceps muscles with a lever moving task. These authors suggested that the
time required to change the EMG onset for a muscle was task dependent. That is, if the
movement requires a muscle to change role (as in the directional change of the limb in
the lever movement), this will result in a longer latency. However, if the muscle does
not change role (as in a faster movement of the limb without directional change), this
will result in a shorter latency period. These differences in latencies were suggested to
reflect differences in the central processing requirements for the different tasks, which
19
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involved either issuing a new motor program (when directional change was required) or
merely altering parameter variables for the existing motor program (when a faster
movement was required in the same direction).

In human running the estimated latency of the antigravity muscles of the leg is 100 ms,
thereby suggesting that neither stretch nor vestibular reflexes can be active in the first
quarter of the stance phase, and muscle activity must be controlled from higher motor
centres (McMahon & Greene, 1979).

Therefore, reflex muscle activity cannot be

effective in preserving knee joint integrity during fast rates of knee loading, as are
typically experienced during activities such as landing. Hence, to withstand the high
tibiofemoral shear forces experienced during landing the lower limb muscles,
particularly the hamstring and quadriceps muscles, must be pre-programmed
(Andriacchi, 1990).

This pre-programming of muscle activity ensures that the

hamstring muscles have sufficient time to generate a posterior tibial drawer prior to the
anterior tibial drawer induced via the quadriceps muscles following landing.

Andriacchi (1990) claimed that individuals could adapt their pre-programmed muscle
activity based on normal recruitment patterns, as is often observed in ACL deficient
patients. He suggested that functional ACL deficient patients subconsciously reduced
their net quadriceps muscle activity during knee flexion when walking so as to avoid
excessive anterior tibial translation in the absence of their native ACL, thereby
protecting their knee from further injury. He proposed that these adaptations resulted
from early experiences of movement following ACL rupture and the subsequent
reprogramming at a central level of the locomotor processes. As these adaptations were
shown to transfer to the contralateral limb, this also supported the notion of
20
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programming at a central nervous system level.

A hypothetical model of this

reprogramming process is shown in Figure 2.3.

Adaptive Changes
(c)

Modify Signal
(d)

Locomotor
Reprogram
(b)

Distress Signal (a)

Functional
Adaptation (e)

Figure 2.3: Hypothetical model for the re-programming hypothesis (adapted from
Andriacchi, 1990, p. 103). A distress signal (a) arises when excessive anterior tibial
translation occurs due to the absence of an intact ACL. This results in feedback to the
central nervous system and subsequent locomotor reprogramming (b), so that adaptive
changes (c) can be made in muscle recruitment such that the quadriceps muscles will
reduce their net force (d). This altered muscle activity would result in a relatively
permanent functional adaptation to locomotion (e). This altered locomotion could be
further modified and refined if the current adaptations fail to limit excessive anterior
tibial translation (a) during different forms of locomotion.

Rozzi et al. (1999) suggested that an individual’s muscle program was responsible for
the pre-activated muscle tension that occurred in preparation for joint loading. These
authors suggested that previously experienced muscle activation patterns and joint
motions, such as those learnt via practising sporting activities, may act to “pre-program”
muscle activity. That is, by repeating and practicing certain muscle activation patterns,
the learned information may be used for future programming of muscle activation
patterns. This research would therefore suggest that more protective muscle patterning
may be taught or trained, so that individuals may better protect their ACL in activities
that typically result in ligament rupture.
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Motor control to maintain knee stability during dynamic motion involves both feedback
and feed-forward pathways.

As described by Lephart & Fu (2000), feedback

mechanisms rely on numerous reflex pathways to relay proprioceptive information to
the higher brain centres so as to control muscle activity appropriately. Whilst this
method of motor control is effective in providing joint stability for slow movements and
postural control, feedback cannot effectively protect and stabilise the joint during
dynamic movements due to the electromechanical delay encountered with muscle
recruitment (Lephart & Fu, 2000) and due to reflex latency time (Quinn & Sherwood,
1983). In contrast, feed-forward motor control relies on previous experiences of joint
loading to predict future loading. Therefore, the body might adequately prepare a preprogrammed motor program that can achieve joint stabilisation during dynamic loading
(Lephart & Fu, 2000; Mizrahi & Susak, 1982).

2.6

Can Muscles Protect the ACL During Landing?

Whereas decreased muscular strength and coordination is related to an increased risk of
ACL rupture (Hewett, 2000), it has been postulated that athletes who have better neural
programming will be able to protect their knee joint via muscle stabilisation and, in turn,
incur less ACL injuries (DeMont et al., 1999). Muscle recruitment patterns thought to
be protective of the ACL during dynamic tasks involve either co-contraction of the
hamstring and quadriceps muscle groups (Huston et al., 2000), or earlier contraction of
the hamstring muscles relative to the quadriceps muscles (Kain et al., 1988).
Simultaneous co-contraction of the quadriceps and hamstrings muscles, however, has
been shown to be physiologically inefficient as co-contraction requires high energy
expenditure and produces high joint compressive loads (Liu & Maitland, 2000;
MacWilliams et al., 1999), and may therefore result in earlier muscle fatigue, and hence
22
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an increased risk of ACL injury (Huston et al., 2000). In contrast, the earlier hamstring
muscle activity patterning suggested by Kain et al. (1988) may be more effective in
protecting the ACL than simultaneous co-contraction, by allowing the hamstring
muscles sufficient time to generate a posterior tibial drawer to counteract the later
anterior tibial translation induced by contraction of the quadriceps muscles.
Furthermore, DeMont et al. (1999) argued that greater hamstring muscle activity is
observed in ACL deficient subjects in an effort to decrease anterior tibial translation.
Therefore, earlier onset of and greater hamstring activity prior to landing may be the
best means of protecting the ACL during dynamic landing in healthy individuals.

2.7

Verbal Instructions: A Simple Solution?

The challenge of developing effective ACL injury prevention programs has previously
been examined from numerous angles.

These have included focussing on or

manipulating intrinsic risk factors for ACL injury (such as age, gender, strength,
flexibility, conditioning level, coordination, anatomical variations, proprioception,
muscle strength, and joint stability), extrinsic factors (playing surface, footwear,
sporting equipment, and rule limitations), acquired factors (playing experience,
technique, skill training, playing position, and coaching), previous injury status, injury
mechanisms, and movement kinematics, kinetics and muscle activation patterns
(Cowling & Steele, 2001a; Hume & Steele, 1997; Prapavessis & McNair, 1997; Seward,
1997). However, no research to date has examined whether simply asking individuals to
change their muscle recruitment patterns before they perform a dynamic task may be
effective in altering their lower limb musculature to better stabilise their knee during the
task.
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Sage (1984) suggested that verbal instructions were necessary to develop a motor
template for a required movement pattern. Such verbal instructions inform the learner
what to do, how to accomplish this movement, the goal of the movement, and how this
goal may be achieved.

Sage (1984), however, highlighted that verbal instructions

should direct the learner to the most important information to attend to when learning a
skill, as the learning environment commonly provides many extraneous stimuli that may
distract the learner and be redundant to skill learning. Therefore, concise, specific, and
precise verbal instructions are most suitable for learners of a motor skill.

McNair et al. (2000) and Prapavessis et al. (2003) established that simple verbal
instructions, given immediately before individuals performed a drop jump, were
effective in decreasing the ground reaction forces experienced during landing. These
verbal instructions assisted subjects to alter their lower limb kinematics during landing
and to land as softly as possible during ground contact. McNair et al. (2000) suggested
the means by which these instructions were of assistance to the learner was by way of an
action-language-imagination model, as proposed by Annett (1993, 1996; see Figure 2.4).
This model allowed subjects to generate an image of the most necessary information to
learn the task, which could be triggered by a memorable verbal instruction. Annett
(1993) noted that the ability to follow verbal instructions was evident at the age of 2
years in healthy populations.
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Human Actions (a)

Verbal Instructions (e)

Perceptual Processes (b)

Perceptual Processes (f)

Action-Language Bridge (i)

Motor Processes (c)

Actions (d)

Motor Processes (g)

Speech (h)

Figure 2.4: The action-language-imagination model (adapted from Annett, 1993, p. 11).
Human actions (a) and verbal instructions (e) are two means by which an individual can
be informed about a skill they are to perform. An action (d) is performed by encoding
the information (a) about the action (b; perceptual processes) and then recruiting the
correct motor processes (c) to generate the required action (d). Speech (h) can be
produced by encoding the verbal instructions (e), via perceptual processes (f), and then
generating, via motor processes (g), the intended speech (h). The variables (b), (c), (f),
and (g) can interact independent of the presence of (a) or (e). The action-language
bridge (i) enables communication between processes (b) and (f), leading to
comprehension of verbal instruction and an output of an action, or conversely, an action
may result in speech.

As higher ground reaction forces have been suggested to increase the forces experienced
through the body during landing, and hence increase injury potential (Dufek & Bates,
1991; See Section 2.2.1), minimising these landing forces was suggested to be more
protective in terms of injury potential than the control landings. However, whether
simple verbal instructions can be effective in changing the muscle activation patterns
displayed by individuals during landing is currently not known.
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As simple verbal instructions have proven effective in decreasing the forces experienced
during landing from a drop jump (Prapavessis & McNair, 1997; Prapavessis & McNair,
1999; McNair et al., 2000), it is pertinent to examine whether such simple verbal
instructions may also be effective in changing selected aspects of more complex
dynamic tasks such as the muscle activation patterns. In the event that simple verbal
instructions are effective in achieving such changes, this will have immediate
implications in terms of developing safer landing practices for athletes training and in
competition, so as to better protect the ACL from injury. If simple verbal instructions
are ineffective in altering these parameters, more sophisticated muscle re-training
strategies may be necessary.

2.8

The Role of Motor Programs in Dynamic Landing

2.8.1

Motor Programs Defined

Whilst many theories endeavour to explain the process of motor control and the learning
of complex tasks by athletes (for a more general review see Adams, 1987), the theory of
a motor program is well supported by the literature (Lephart & Fu, 2000). This theory
suggests that a motor program is responsible for initiating a given movement pattern.
This motor program is responsible for both the voluntary movement and the anticipatory
postural adjustments that are required to maintain postural control during the voluntary
movement (Bouisset & Zattara, 1987; Quinn & Sherwood, 1983).

Motor program theory was initially proposed by Keele in 1968, whereby a motor
program was defined as “a set of muscle commands that are structured before a
movement sequence begins, and that allows the sequence to be carried out uninfluenced

26

Literature Review

by peripheral feedback” (Keele, 1968, p. 387).

Evidence for motor programs, as

proposed by Morris et al. (1994), is listed below:
1)

Movement is possible in deafferented subjects.

2)

Rapid movements cannot be modified by sensory feedback whilst they are in
progress.

3)

Studies on anticipatory control in balance and reaching suggest that some
movements are “pre-programmed”.

4)

Electromyographic patterns remain consistent during movements, despite
blockage of limb motion.

5)

Reaction times are longer for more complex movements than for simple
movements.

6)

Evidence exists for central control structures such as central pattern generators.

Despite the above evidence, Morris et al. (1994) also outlines problems with Keele’s
original definition of a motor program, which include problems of storage of numerous
motor programs, problems generating a motor program for a novel movement, and the
problem of what role peripheral feedback plays in refining movements. An adaptation
of Keele’s original motor program theory to address some of these problems led to the
theory of generalised motor programs (Schmidt, 1976). In this generalised theory,
classes of actions such as walking, writing and jumping, could be represented by a
generalised motor program for each action, with parameters (for example, the height of
the vertical jump) being variable to achieve the desired action (Morris et al., 1994).
Whilst the concept of a “motor program” was devised to aid the understanding of motor
planning and execution, changing definitions and understanding of the term has led to a
lack of consensus as to what is meant by the term (Morris et al., 1994). A more
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extensive review of the concept of the motor program over this time is presented by
Morris et al. (1994). For the purpose of this thesis however, motor programs will be
referred to as the conceptual theory responsible for the planning and executing of
movements.

2.8.2

A Neural Basis for Motor Programs

Despite strong evidence to support motor control theory, there is still debate as to the
content, structure and location of these programs in humans (Morris et al., 1994).
Researchers have suggested anatomical correlates of motor programs, with goal
specification, motor programming and execution of the final motor commands being
correlated with the associate motor cortex, the supplementary motor area, and the
primary motor cortex, respectively (Morris et al., 1994). Frank & Earl (1990) also
suggested the basal ganglia and the cerebellum to be important in translating movement
plans into movement parameters. However, Morris et al. (1994) suggested that, despite
these proposed anatomical correlates, motor program storage may be distributed over a
number of nervous system levels, including the brain stem and spinal cord. Therefore,
specifying direct anatomical correlates for the motor program responsible for planning
and executing a particular task may be difficult, given the suggested multilevel
involvement of the neural system (Morris et al., 1994).

2.8.3

Motor Program Development

Sage (1984) suggested that as motor programs were learned and developed via practice,
rehearsing a certain temporal sequencing of muscle recruitment may result in the
development of a somewhat ‘tailored’ motor program.

Similarly, Eloranta (2003)
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suggested that prolonged training for a specific sport will result in the central nervous
system refining muscle coordination to best suit the demands of the sport.

Gollhofer & Kyrolainen (1991) suggested that the stiffness of the lower limb
tendomuscular system during landing from a jump was regulated by centrally
programmed muscle activity, which was activated prior to ground contact. This motor
program was responsible for both the duration and amplitude of muscle pre-activation
prior to ground contact when landing. Their study confirmed that as subject body
weight was artificially increased and decreased, the motor program dictated the
appropriate changes in muscle pre-activation so that the tendomuscular system was
protected from high impact loads. These results highlight the adaptability of the motor
program to anticipate the expected loading condition, and hence to recruit the prelanding muscle activity that will best protect the body from ensuing injury. Other
authors also suggested that future muscle patterns could be programmed and, in effect,
rewritten, with sufficient practice of a movement pattern (Rozzi et al., 1999).

Hodgson et al. (1994) suggested that the repetition of a signal through synaptic
pathways resulted in that pathway being more capable of subsequently transmitting the
signal. Inasmuch as, if the signal pathway is facilitated enough, memory of the signal
can be created and used in future motor programming. These authors also proposed that
frequent facilitation of these pathways not only enhanced future motor programming but
also enhanced the reflexive muscle control to aid in dynamic restraint once initial
ground contact has been made. This study of Hodgson et al. (1994) therefore highlights
the importance of frequently repeating a movement in order to refine a motor program
that controls the muscle patterning used during dynamic landing.
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Mizrahi & Susak (1982) suggested that pre-programmed muscle activity was able to
coordinate increased lower extremity joint range of motion thereby decreasing peak
ground reaction forces during landing. These authors postulated that this coordinated
pre-programmed muscle activity, which is of particular importance in early landing
where reflex muscle control is absent, was vital for peak force attenuation.
Furthermore, this pre-programmed activity was suggested to be controlled by and
trainable in subjects. Hence, the ability to pre-program muscle activity was suggested to
be paramount for adequate force attenuation during landing from a jump (Mizrahi &
Susak, 1982). Greater force attenuation was also achieved by increasing the flexion
range of the lower limb joints, so as to increase the time over which the force was
dissipated when landing.

Other studies have also reported a relationship between

increasing the amount of knee flexion during landing and attenuation of the vertical
ground reaction forces generated during landing from a jump (McNair et al., 2000;
Prapavessis & McNair, 1999).

2.9

Neuromuscular Training Possibilities

2.9.1

Previous Knee Injury Prevention Training Programs

Several previous injury prevention programs, the details of which are summarised in
Table 2.4, have attempted to improve neuromuscular control of the knee by targeting
activities to enhance proprioception and landing techniques. A critique of the details in
this table highlights several limitations of these previous programs, including poor
scientific methodology whereby little information was provided as to why individual
programs were chosen, and limited scientific literature cited as to the suitability and
validity of many of the programs. Furthermore, many studies had insufficient subject
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numbers, lacked control groups, poorly monitored subject adherence to the training
programs, included subject groups that were not randomised, and were characterised by
variability in training between experimental subjects, thereby allowing no means of
reliable between-subject comparisons. Replicating most of the programs would also be
difficult, given the lack of specific information as to the rate of progression or
incrementing of difficulty of activities within the training programs. These previous
studies also failed to mention the role of the trainer in the programs or details about their
specific input, such as what feedback the trainer gave to subjects, how trainers
monitored the quality of the movements performed during training, and how trainers
promoted or monitored adherence throughout the program.

Despite the various limitations of the training programs outlined in Table 2.4, these
studies were helpful conceptually, and in spite of their generally poor methodology,
aspects can be gleaned from these studies in order to develop future ACL injury
prevention training programs.

However, with only limited scientifically rigorous

literature available it is difficult to ascertain specific details when designing an ACL
injury prevention training program.

2.9.2

Factors to Consider when Designing an ACL Injury Prevention Training
Program

Although there appears to be many studies that have investigated ACL injury
prevention, as shown in Table 2.4, these studies failed to extensively and thoroughly
examine the effects of training on muscle recruitment during dynamic tasks. Therefore,
only limited information was available upon which a hamstring muscle retraining

33

Literature Review

program could be based.

Cook et al. (1999) reported successfully achieving

neuromuscular adaptations in an ACL deficient female as a result of only an 8-day
reactive neuromuscular training program where dynamic muscle stabilisation was
promoted by providing resistance to movements in functional tasks (see Table 2.4).
Insert table 2.4
These results suggested that copious and lengthy training sessions may not be necessary
to alter neuromuscular control during dynamic tasks. Voight & Cook (1996) suggested
that conscious to unconscious control of a motor skill could be facilitated by distracting
the individual as the task becomes easier and more well rehearsed. This distraction
could be provided by the subject catching a ball, for example, whilst performing lower
extremity motion. Furthermore, Voight & Cook (1996) suggested high repetitions of
movements were required to enhance conversion of motor control from a conscious to
an unconscious level, and hence to be stored centrally as a motor program. Therefore,
any proposed training program needs to incorporate numerous repetitions of the desired
movement pattern in order to achieve unconscious control of the movement.

2.9.3 Transfer of Learning in Training Programs
Transfer of learning has been defined as “the influence of previous experience on
performing a skill in a new context or on learning a new skill” (Magill, 1998, p. 157).
In order for transfer of skills to occur there should be a logical progression during
learning from more basic to more complex skills (Magill, 1998). Voight & Cook (1996)
promoted a training program that progressed from simple to complex neuromotor
control with the end goal being sport-specific movement patterns. Transfer during
motor learning from one task to another depends greatly on the similarity between the
two tasks (Magill, 1998; Schmidt, 1988). The closer the similarity between two tasks,
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the greater likelihood that transfer will occur. Therefore, activities in a training program
must be incremented suitably to ensure the maximum transfer of learning between
subsequent movements.

2.9.4

The Need for Muscle Retraining to Prevent ACL Ruptures

Griffin et al. (2000) suggested that most ACL injury prevention strategies have focussed
on technique modifications, and that strategies which examine neuromuscular responses
during ‘at risk’ situations should be given more research attention. Whilst existing
programs focus on improved coordination and muscle control during dynamic tasks, no
programs that incorporate specific hamstring muscle retraining strategies as a means of
ACL injury prevention were located in the published literature. Therefore, there is an
urgent need to examine the efficacy of hamstring muscle retraining programs that
appropriately protect the ACL during dynamic activities.

2.10 Muscle Retraining via Biofeedback
2.10.1 Biofeedback Defined
One means of retraining an individual’s muscle activation patterns involves informing
the individual of the electrical activity generated by their muscles during a task, using an
appropriate biofeedback device, so they can learn different muscle recruitment
strategies. Often used to compliment other therapies, biofeedback teaches individuals to
become aware of involuntary bodily functions and to consciously control these functions
(Alexander & Steefel, 1995). In the case of muscle retraining, biofeedback devices
augment the teaching of individuals so they may become aware of their muscle
recruitment strategies by monitoring the myoelectric activity corresponding to muscle
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activation. The intensity or amplitude of the signal is proportional to the number of
motor units that are activated for a given contraction (Peper & Williams, 1981).

Although muscle biofeedback can provide useful information pertaining to the motor
unit activity that is unable to be perceived by individuals (Schwartz, 1995), myoelectric
signals generated by the contracting muscle are low in magnitude and therefore require
amplification. As this signal may also contain noise, it is often filtered to eliminate
artefacts that are not directly related to the actual muscle activation. The individual may
then be given feedback on the processed signal based on i) when the muscle activity is
below or above a given threshold; ii) the area under the curve which represents the
integrated signal; or iii) when the level of muscle activity changes from a previous level
of activity (Peper & Williams, 1981). That is, a biofeedback device can inform the
individual when they are activating a muscle, the intensity of this activation, and the
relation of this muscle activity to another event or to the activity of surrounding muscles
(Schultz et al., 1984).

The main aim of this type of augmented feedback,

electromyographic (EMG) biofeedback *, is to enable the individual to establish or reestablish voluntary control over striated musculature (Basmajian, 1979). It can facilitate
learning by providing accurate feedback as to how muscles are contracting and informs
individuals what they need to alter to continue to improve their performance.

One advantage of EMG biofeedback is the non-invasive nature of this means of training
as subjects are only required to have adhesive electrodes placed of the surface of their
skin (Beckham et al., 1991). Furthermore, Gonnella et al. (1978) commended the

*

EMG biofeedback is also referred to as myofeedback, EMG feedback, neuromyometry, sensory
integration, and audiovisual neuromuscular re-education (Basmajian, 1979).
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precision of EMG signals fed back to the patient, the immediacy of feedback, and the
coherence of the feedback with internal cues that the patient may perceive. Magill
(1998) emphasised the important role biofeedback has in motivating patients, as the
feedback directs patients to the end goal of the biofeedback training program. Although
Sabey et al. (1999) suggested that biofeedback training has successfully been introduced
to re-educate muscles and develop new motor programs to neurologically impaired
individuals, the vast majority of EMG biofeedback research has involved populations
requiring rehabilitation (Magill, 1998) as opposed to healthy populations. Therefore,
research examining the efficacy of employing biofeedback to prevent injury in healthy
populations is required.

2.10.2 The History of Biofeedback
The concept of muscular re-education is not a recent phenomenon.

Marinacci &

Horande were the first to use biofeedback in 1960 with patients with spastic hemiparesis
(Intiso et al., 1994). Since this time, clinicians have used biofeedback devices to train
individuals to consciously recruit their muscles following muscle disuse caused by
injury or disease. Electromyographic biofeedback has been effectively used in amputee
patients, hemiplegic patients and the elderly to train individuals to recruit the
musculature required to operate prosthetic devices, improve gait, and aid in maintaining
balance respectively (Schwartz, 1995). However, biofeedback has not been consistently
successful in improving muscle control in all patient populations and applications, with
some patients improving muscle control minimally or not at all (Bradley et al., 1998;
Deepak & Behari, 1999; Jackson et al., 1996; John, 1986). In addition, simple factors
such as subject motivation have been suggested to strongly influence the potential
success of the biofeedback intervention (Barlow, 1997; Jackson et al., 1996). Despite
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reported instances where biofeedback has been of limited effectiveness, the literature
reports many instances where this intervention has been advantageous in improving
muscle control. For example, biofeedback has been suggested to be beneficial for
discriminative hamstring muscle control in ACL deficient patients to re-establish
preparatory and reflexive muscle activity to ensure dynamic joint stability (Dunn et al.,
1986; Glaros & Hanson, 1990). However, no research to date has examined whether
biofeedback can be used to retrain the hamstring muscles of ACL-intact individuals
during a dynamic landing task.

2.10.3 Considerations when Implementing Biofeedback Training
Whilst motor learning literature is more definitive in the program specifications for skill
development, the biofeedback literature is comparatively sparse in such specifications.
For example, traditional textbook motor learning literature has compared massed to
distributed practice schedules and suggested that, although distributed practice produces
superior performance of a motor skill, learning is similar for both schedules (Sage,
1984).

Whereas the motor learning literature discusses such details as how often

augmented feedback should be administered (Sage, 1984) and various stages of learning
as reflected in changes in the primary motor cortex (Karni et al., 1998), the biofeedback
literature lacks a similar standard of scientific rigour. That is, there is limited thorough
biofeedback research to substantiate how this treatment modality should be used in
either simple or complex motor tasks with differing populations (see Section 2.10.7).
Therefore, the following considerations obtained from the biofeedback literature need to
be taken with due caution.
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Peper & Williams (1981) suggested that biofeedback training sessions be conducted at
least once a week, although two to three times weekly may be more beneficial to
establish changes in muscle control. Magill (1998) recommended that shorter practice
sessions on a more regular basis facilitated learning to a greater extent than longer more
infrequent practice sessions. Alexander & Steefel (1995) advocated a cumulative effect
of biofeedback.

That is, improvements to muscle control as a result of EMG

biofeedback training have been suggested to last longer the more the biofeedback device
is used. However, Voight & Cook (1996) suggested that when fatigue was present,
motor control became poor and training effects were lost. Therefore, appropriate rest
between muscle contractions in biofeedback training is paramount.

Voight & Cook (1996) suggested that the quality of the movement patterns performed
was more important than the number of sets and repetitions during motor learning.
However, research to date has not validated the optimal time frame or proposed session
makeup (for example, sets and repetitions) for the use of biofeedback in differing patient
populations. Irrespective of biofeedback training session parameters, Peper & Williams
(1981) suggested that biofeedback devices must accurately detect and feed back to the
individual the activity of the given muscle, that this feedback should optimally be in real
time, and that the display of this signal to the individuals should be as meaningful and
understandable as possible.

Similarly, Schwartz (1995) suggested that EMG

biofeedback information must be accurate, timely, and relevant in order to facilitate
neuromuscular re-education. For example, in longer duration activities, such as when
performing a 5-second isometric contraction, EMG feedback can assist the individual to
alter the motor program to change the number of motor units being activated to perform
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the contraction. However, in more dynamic activities, such as landing from a jump,
EMG feedback acts as an error signal, that is, it provides knowledge of results.

2.10.4 Biofeedback as Knowledge of Results
Knowledge of results is defined as “augmented extrinsic, post-response information
related to the outcome of a motor response with respect to the goal” (Winstein et al.,
1993, p. 40). That is, knowledge of results is “information about how the outcome of a
task compares with the success in achieving the task goal” (Brisson & Alain, 1997, p.
339). In the case of rapid tasks, feedback cannot alter the current motor program as the
fastest cortical feedback loops have a latency of at least 100-200 ms (Schwartz, 1987).
This information can be used in planning future activities, yet due to the short duration
of the action, cannot be used to alter the motor program responsible for the current
action being performed (Schwartz, 1995). Furthermore, Schwartz (1987) cautioned that
most EMG biofeedback devices confounded this latency, adding a 50-100 ms lag before
the signal was electronically processed and could then be received by the subject’s ears
or eyes. Additionally, the subject then takes up to 300 ms to respond to visual or
auditory stimuli (Lephart & Fu, 2000). Therefore, real-time EMG feedback is more
suited to longer duration, more controlled, simple tasks. However, EMG feedback can
provide knowledge of results during dynamic tasks such as landing, which can be used
in turn to modify the motor program for future landings.

2.10.5 Examples of Biofeedback Programs
Neuromuscular re-education strategies have previously been successfully implemented
to retrain the lower limb muscle activation patterns of both healthy individuals and
patients. For example, Sinkjær & Arendt-Nielsen (1991) were successful in retraining
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two poorly functioning ACL deficient patients to improve their ability to contract their
gastrocnemius muscles, thereby improving knee stability. This was accomplished using
visual augmented feedback of the EMG signals (30-minute sessions, every day, for 15
weeks) to adjust the onset time of gastrocnemius muscle activation. Slight inward
rotation of the test limb also aided in this earlier recruitment of their gastrocnemius
muscle (Sinkjær & Arendt-Nielsen, 1991). The study, however, failed to address the
permanency or retention of such muscle activation pattern adaptations and did not
establish how reliant the subjects were on the visual feedback to institute the earlier
recruitment of their gastrocnemius muscle. Nevertheless, this study suggested that
motor programs pertaining to lower limb muscles could be modified or re-programmed
to benefit knee stability and functioning. Whether alterations in muscle activity can be
re-trained in healthy skilled individuals during dynamic tasks as a means of injury
prevention warrants further investigation.

Electromyographic biofeedback training (45-minute sessions, 3 sessions per week, for 4
weeks) has also been used with a 75-year old male total knee replacement patient to
assess whether he was able to equalise vastus medialis and lateralis activity intensity
during a knee extension exercise (Beckham et al., 1991). The training, consisting of
intervals of 10 s of exercise for 4-10 minutes interspersed with rest periods, proved
effective as the subject was able to learn to differentially control the two vastii muscles.
However, Beckham et al. (1991) noted that upon termination of the biofeedback
training, the patient’s ability to equalise the vastii muscle activity returned to baseline
levels.
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Davlin et al. (1999) employed a 5-day training period to successfully increase healthy
subjects’ (n = 36) vastus medialis oblique (VMO) to vastus lateralis (VL) intensity ratio.
For the training, subjects completed 5 sets of five 10-second isometric contractions of
the knee extensor muscles with a 15-second rest period between contractions.
Contractions were performed at approximately 50% of their maximum voluntary
contraction to minimise fatigue. Subjects received visual feedback for all sessions and
were informed that the amplitude of the signal, indicated by lines on the biofeedback
device, represented the amount of effort they were using for their thigh muscle
contractions. Subjects were encouraged to increase VMO amplitude whilst decreasing
VL amplitude. The results suggested that subjects were able to significantly increase
their VMO:VL ratio following the EMG training, suggesting that EMG biofeedback is
an effective means of retraining lower limb musculature in healthy subjects.

Johnson & Garton (1973) used both auditory and visual EMG biofeedback to treat
excessive foot dorsiflexion in hemiplegic patients (n = 10). Results suggested that all
patients improved in muscle strength, and that some subjects showed functional gait
improvements.

However, in gait training experiments involving auditory EMG

feedback, subjects had difficulty in phasing two or three muscle groups during each gait
cycle (Iles & Sharp, 1977; Koheil & Winter, 1979; Koheil & Mandel, 1980). This
finding suggests that EMG feedback is more readily successful when subjects have to
concentrate on only one muscle group at a time during a given movement.

Other researchers have demonstrated the efficacy of biofeedback training in teaching
individuals with musculoskeletal disorders to differentially increase activity in one
muscle group, whilst decreasing or maintaining activity in a nearby muscle group (Keefe
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& Surwit, 1978; Wolf et al., 1982; LeVeau & Rogers, 1980). Statistically significant
results from EMG biofeedback have been accomplished in as little as one 20-minute
training session (Connally et al., 1983).

However, permanent or long lasting

improvements resulting from EMG biofeedback training, subsequent to cessation of the
intervention, has not been demonstrated consistently in the previously discussed
biofeedback studies.

As a treatment modality, biofeedback training has shown positive results in both healthy
and pathological populations in research examining knee musculature (Beckham et al.,
1991; Draper, 1990; Draper & Ballard, 1991; King et al., 1984; Lucca & Recchiuti,
1983; Middaugh & Miller, 1980; Sinkjær & Arendt-Nielsen, 1991). The mechanism by
which EMG biofeedback works has been suggested by Intiso et al. (1994) to involve
alterations in the motor program required for the movement sequence. This would
suggest that biofeedback facilitates some sort of “retraining” of the neural pathways
responsible for the movement pattern. Whether biofeedback may be used in healthy
subjects to retrain neural pathways to recruit the hamstring muscles in a specific
sequence to better protect the ACL has not as yet been demonstrated.

2.10.6 Types of Electromyographic Biofeedback
The EMG signal from a biofeedback device can be used to provide feedback to a subject
in a variety of outputs.

Examples include visual, auditory, and tactile feedback

(Schwartz, 1987). To conduct muscle re-education training in children, devices such as
‘myotoys’ have been developed (Schwartz, 1995; see Figure 2.5). That is, toys such as
cars that operate electronically with EMG activity (agonist and antagonist) controlling
the forward and backward motion of the car, have proven successful with children.
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These devices can be made to not only have dichotomous on/off control, but also
proportional control such that a harder muscle contraction results in faster car motion.
However, Schwartz (1987) suggested that whilst complex or novel feedback
presentations may be interesting, the feedback form that displayed the information most
simply, clearly, accurately, relevantly, and with minimal distraction and inconvenience
to the subject, was most effective in muscle re-education.

Surface Electrodes
Amplifier

Figure 2.5: Myotoy where EMG activity (agonist and antagonist) controls the toy’s
forward and backward movement (adapted from Schwartz, 1995, p. 544).

2.10.7 Muscle Re-education Limitations
Schwartz (1987) suggested that merely being able to control feedback signals (audio and
visual) was a poor indication of learning*. Rather, successful muscle re-education
correlated with the ability to perform the required muscle recruitment in the absence of

*

Learning has been defined as “a change in the capability of a person to perform a skill that must be
inferred from a relatively permanent improvement in performance as a result of practice or experience”
(Magill, 1998, p. 129).
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feedback.

Likewise, visible changes in the EMG signal may be of little value if

‘functional’ gains are not associated with the individual being able to manipulate the
EMG output (Schwartz, 1987). Furthermore, the most advantageous form of feedback
for a given action and population, and the best implementation schedule of the feedback
to most effectively achieve muscle re-education also remains unknown.

Schwartz (1987) conceded that although patients are frequently directed to activate their
muscles in a prescribed sequence, it is unknown what the ‘correct’ sequence of muscle
activity is for a desired movement, and how instruction may vary between healthy and
pathological populations. Likewise, Wootten et al. (1990) suggested that for normal
healthy subjects walking at self-selected speeds, two to four different muscle patterns
were developed for each of the muscles. This would suggest that subjects may use more
than one strategy of muscle coordination when performing a motor task like walking.

Gonnella et al. (1978) highlighted the lack of research to address the optimal time frame
for use of EMG biofeedback, the best methods for use, how these methods may change
for differing populations, and how neuromuscular responses should be obtained and
maintained with this intervention. Gonnella et al. (1978) also commented that transfer
of training tasks to functional activities is often limited when EMG biofeedback is used
in clinical settings.

A decade and a half later, Colborne et al. (1993) noted that,

although EMG biofeedback has been shown to be an effective form of treatment, many
of these studies have been individual case studies, have provided only anecdotal
evidence, have been inadequately controlled, and have trained muscles outside their
normal functional context in isolated movements that have poor transfer to functional
movements.

Despite the extensive application of biofeedback in stroke patients,
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amputee patients, relaxation therapy, and in other muscular disorders such as cerebral
palsy, EMG biofeedback has not been applied to hamstring muscle re-education during
dynamic tasks such as landing.

Furthermore, whether muscle activation patterns

displayed by healthy individuals can be altered and retrained by EMG biofeedback in
more complex motor skills, such as landing from a jump, is currently unknown.

2.11 Summary
The knee joint has a high susceptibility to injury due to its inherently unstable structural
design and its highly stressful functional role during dynamic activities such as landing.
One of the most vulnerable structures within the knee joint is the ACL, which has an
important role in preventing anterior tibial translation relative to the femur.

The

hamstring muscle group acts as synergists to the ACL, recruited on demand when the
ACL is excessively loaded. If the ACL and hamstring muscles fail to limit anterior
tibial translation, rupture of the ACL may result. Despite the importance of hamstring
muscle function to protecting the ACL, no research to date has examined whether
athletes can be taught to alter their hamstring muscle activation patterns displayed
during a highly dynamic landing to protect their knees. Therefore, this thesis aims to
determine whether healthy skilled individuals can be either asked or trained to alter the
way they recruit their hamstring muscles during a dynamic landing task known to
excessively load the ACL.
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Chapter 3
Study 1: Can simple verbal instructions alter
landing technique?
3.1

Introduction

Previous research has confirmed the notion that most individuals can successfully
assimilate and act upon simple verbal instructions requesting them to change the
kinematics of a skill. For example, Prapavessis & McNair (1997) showed that simply
asking subjects, before the subjects performed a drop jump, to bend their knees more at
landing, resulted in decreased ground reaction forces generated by the subjects during
landing (see Section 2.7). As higher ground reaction forces have been suggested to
increase the forces experienced through the body during landing (Dufek & Bates, 1991),
reducing these landing forces is considered to be protective in terms of minimising
injury potential. However, no research to date has examined whether simple verbal
instructions can be assimilated by individuals to enable them to effectively change the
muscle activation patterns displayed during a dynamic landing task. As the structural
integrity of the ACL during a dynamic landing task relies upon proper coordination of
lower limb muscles, especially the hamstring and quadriceps muscle groups, proper
recruitment strategies for these muscles, combined with adequate knee flexion, are
crucial to equip the knee to withstand the high forces experienced during dynamic
landing, and thereby reduce ACL injury susceptibility (see Sections 2.4-2.6).

3.1.1

Statement of the Problem

The purpose of Study 1 was to establish whether simple verbal instructions, given to
subjects prior to performing a dynamic deceleration task, could enable the subjects to:
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1)

increase the knee flexion displayed during the landing phase of the task, and

2)

alter the recruitment timing and intensity of their hamstring muscle activity in
preparation for landing.

3.1.2

Research Hypotheses

Based on the previous literature (see Section 2.6-2.7), it was hypothesised that:
1)

Subjects would be able to assimilate the simple verbal instruction to flex their
knee more and, hence, would display increased knee flexion during the dynamic
landing task.

2)

Subjects would be able to assimilate the simple verbal instruction to activate
their hamstring muscles earlier and with greater magnitude prior to foot-ground
contact during a dynamic landing task, and therefore would display changes in
their muscle synchrony and integrated muscle activity in preparation to land.

3.1.3

Assumptions

It was assumed that any variation in knee joint kinematics or lower limb muscle
activation patterns displayed by the subjects was due to the verbal instructions alone and
not to some other extraneous variable.

3.1.4 Limitations
Results of this study may be limited by the following factors:
1)

The subjects in the study were restricted to a group of volunteers. Therefore,
this sample was not a truly random sample of the wider population.
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2)

Although subjects completed task familiarisation trials, their action may have
varied when performing the ‘test’ trials in the laboratory conditions compared
to when performing the task in the field.

3)

Although subjects were currently active in their sport, current fitness and
training status may have varied between subjects.

4)

A certain amount of cross-talk is expected between lower limb muscles when
using surface electromyographic procedures to assess muscle activity.
However, standard methods for electromyographical preparation and data
analysis were followed to minimise this limitation (see Section 3.2.6 and
3.2.10).

3.1.5 Delimitations
The present study was delimited by the following factors:
1)

The sample group was restricted by gender, age, healthy knee joint status, and
sports participation level.

Therefore, the results of the study may not be

applicable to other populations (for example, ACL deficient subjects, males, or
less skilled athletes) or other sporting activities.
2)

The study involved a two-dimensional kinematic analysis of each subject’s
landing action. Therefore, any motion outside this sagittal plane of progression
was not analysed.
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3.2

Materials & Methods

3.2.1

Subjects

Twenty-four female A-grade netball players (mean age = 21.8 ± 4.7 years; height = 170
± 6.3 cm; mass = 68.9 ± 13.4 kg) who reported no history of knee joint disease, injury,
or trauma were selected as experimental subjects. A-grade netball players were selected
as they were considered skilled in performing abrupt landings whilst catching a pass.
Therefore, the experimental task (described in Section 3.2.3) was not novel to the
subjects, and the subjects’ muscle recruitment patterns during the task should be well
established and consistent.

Only female subjects were selected to ensure that any

differences in muscle recruitment patterns due to gender (Cowling & Steele, 2001b)
were eliminated. Healthy knee joint status was important to ensure that abnormal
muscle activation patterns as a result of pathology or injury (for example, ACL
deficiency) were not evident. Subjects were tested on one occasion only with a total
testing time of approximately 3 hours per subject. All subjects were unpaid volunteers
who were in good health at the time of testing. As subjects served as their controls, no
control subjects were required.

The number of skilled subjects recruited for the study was determined by way of a
power analysis (Bach & Sharpe, 1989) in order to achieve a power of 80% to restrict the
chance of a Type II error (Vincent, 1995). Power calculations were conducted using
Jandel SigmaStat software (Version 2.03) with EMG input data for the calculations
derived from a previous study that employed the same landing task (Cowling & Steele,
2001a).

Subjects were recruited from netball teams within the Australian Capital
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Territory and New South Wales, and from athletes in the student population of the
University of Wollongong who met the selection criteria.

After ethical clearance was granted for the study (see Appendix A), written informed
consent was obtained from the subjects prior to testing. To ensure each subject satisfied
the subject selection criteria, all recruits completed a subject injury history questionnaire
(see Appendix B). All testing was conducted in accordance with the National Health
and Medical Research Council (NH&MRC) National statement on ethical conduct in
research involving humans (NH&MRC, 1992).

3.2.2

Height and Mass Assessment

Each subject’s height was measured with a stadiometer (Seca Model 220, Hamburg,
Germany) to the nearest 0.1 cm while subjects stood erect and barefoot.

Before

obtaining each reading, the subject’s vertebral column was extended by the principal
investigator lifting the subject vertically under the rib cage and at the mastoid processes
of the skull, to ensure that the subject was displaying their true standing height *. Body
mass was recorded to the nearest 0.01 kg using Colonial weighing scales (Melbourne,
Australia; 150 kg capacity) while subjects stood motionless and wearing minimal
clothing.

All equipment was calibrated before testing, and three readings of height and mass were
taken per subject to derive an average measure to represent both variables. These
*Gravity influences the body such that the subjects’ intevertebral distances decreases over the span of a
day, and more gradually over a lifetime (Van De Graaff, 1992). Manually stretching the vertebral column
is a suggested means of normalisation, so that height readings reflect the true height of a subject without
the effect of gravity.
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measurements were taken to describe the sample of subjects, and mass was later used to
confirm ground reaction force measurement of body mass (see Section 3.2.4).

Before data collection, reliability testing was conducted to ensure the principal
investigator was proficient in taking the required measurements. Height and mass were
measured for six subjects on three separate occasions. These data were entered into a
one-way repeated measures ANOVA to calculate intraclass correlation coefficient
values (ICC; Vincent, 1995).

As the ICC values averaged R 1 = 0.998 ± 0.003,

reliability of the height and mass data was considered high.

3.2.3

Experimental Protocol

For the experimental protocol, subjects were required to accelerate forward for three
paces to then leap from their non-dominant limb and abruptly decelerate by landing on
their dominant (test) limb * in single limb stance, with their test foot centrally located on
a force platform (see Figure 3.1). All subjects where right leg dominant. Subjects were
thrown a chest high pass of a regulation Mitre leather netball (Manchester, UK) which
they were required to catch whilst airborne, just before landing. Catching a chest-height
pass is common in the game of netball, and served to also prevent the subjects from
targeting the force platform during landing.

*

Limb dominance was established by asking each subject to kick a ball that was placed on the ground in
front of them. Subjects were asked to confirm that this kicking limb was their dominant or preferred limb.
This limb was then used in all data collection as the test limb. Although there is debate as to how to
determine the “preferred limb” of a subject, other studies have similarly asked subjects to confirm which
is their “preferred limb” (Matava et al., 2002) or asked subjects to perform a kicking task accompanied by
asking subjects which leg they prefer (Cowling & Steele, 2001a; Cowling & Steele, 2001b).
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Figure 3.1: Subject performing a dynamic landing trial whilst catching a
netball.
Subjects all wore their regular low-cut netball shoes to ensure that their landing
technique was not impeded by ill-fitting or unsuitable footwear and to allow for clear
marker placement on the lateral malleoli of the test limb. The deceleration task was
chosen as the experimental task for the current study as abrupt landing has been
implicated as a typical non-contact mechanism for ACL injury (Einoder, 1990; Hopper
& Elliot, 1993; Hume & Steele, 1997; Otago & Neal, 1997).
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This catching and landing task was performed for 10 trials for each of four test
conditions:
1)

normal (control) landings (N), that is, subjects performed a straight three step
run up to land on their test limb as they would typically perform in a netball
game, after receiving the instruction: “Ready, go”;

2)

repeat normal landings (R), that is, subjects performed 10 additional trials that
were the same as the normal landings, and after receiving the instruction:
“Ready, go”;

3)

landing after receiving the instruction: “This time when you run to land, I want
you to land with your knee bending - ready, go” (K); and

4)

landing after receiving the instruction: “This time when you run to land, I want
you to turn the muscles at the back of your thigh on earlier and more before
landing - ready, go” (M).

Whereas the normal landings provided the control condition, the purpose of the repeat
normal landing condition was to assess the amount of variability typically displayed in
the biomechanical data between two sets of standard landing trials.

The verbal

instructions provided in the two later conditions were designed following extensive
consultation. The order of the K and M conditions were reversed in 12 of the 24
subjects in order to balance the experimental design. Subjects received approximately 3
minutes of rest between all sets of landings to limit any possible fatigue effects. The
experimental design is depicted in Figure 3.2.
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Normal landings (10 trials; n = 24)

Repeat normal landings (10 trials; n = 24)

Muscle instruction landings
(10 trials; n = 12)

Knee flexion instruction landings
(10 trials; n = 12)

Knee flexion instruction landings
(10 trials; n = 12)

Muscle instruction landings
(10 trials; n = 12)

Figure 3.2: The counterbalanced experimental design.

Following the warm-up protocol (see Figure 3.3), subjects practiced the experimental
task so as to become familiar with the landing action required for testing. During this
period subjects were able to establish a consistent run up start point, approximately
where they would leap from, and the speed at which they would approach the landing.
Subjects were instructed to perform a typical netball landing, with a few steps run up
straight toward the ball thrower, and to leap from their non-dominant leg to then land on
their dominant leg whilst catching the ball. The subjects were instructed that their cue
to start their forward running motion would be the words “ready, go”. The same
experienced thrower (principal investigator) was used for all test conditions, to throw
the ball approximately 3 m from the force platform. Using the same thrower ensured
consistency in the height, velocity and timing of ball release for all trials. The subjects
were encouraged to watch the thrower at all times so as to minimise the likelihood of
targeting the force platform when landing.

Sufficient familiarisation trials were
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performed before testing to ensure that the landing action was consistent for all trials,
and to ensure the task was not novel to the subjects.

Waist-belt covered by
Tubifast stocking

EMG electrodes
with wires taped

Figure 3.3: Subject completing the warm-up on a cycle ergometer.

3.2.4

Ground Reaction Force Data Collection

Before performing the deceleration task, three body weight readings were taken for each
subjects using a Kistler Multichannel Force platform (Model 9281B; Kistler Instrumente
AG, Winterthur, Switzerland) interfaced with a Kistler Multichannel Charge Amplifier
(Type 9865A). For the body weight readings, subjects were required to step onto the
platform and stand motionless in a relaxed manner for 4 s so that baseline body weight
and electromyographic data (see Section 3.2.6) could be recorded (1000 Hz). The
average of the three body weight trials was then later used to normalise the ground
reaction force data collected during the experimental task (see Section 3.2.8).
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During the experimental task, the three orthogonal components and point of application
of the ground reaction forces generated during landing were recorded over 4 s (1000
Hz), using OPTOTRAK “Collect” software for 10 successful trials per test condition. A
successful trial constituted the subject landing with their test foot in the middle of the
force platform while they precisely caught the ball without targeting the force platform.
The force platform was secured on four steel mountings embedded on a concrete base,
and covered with a rubber sports surface (Regupol “Everlast”; Pennsylvania, USA) so
that the landing surface was flush with the ground surface, which was covered in the
same rubber sports surface. The landing surface was clean and dry so as to ensure a safe
landing surface for the subjects. The force platform was checked for level positioning
before testing using spirit levels and calibrated in the three orthogonal directions using
an instrumented spring balance and known weights. The amplifier attached to the force
platform for data collection was zeroed before every trial to ensure a consistent baseline.

3.2.5

Kinematic Data Collection

The OPTOTRAK 3020 Motion Analysis System (Northern Digital; Ontario, Canada)
was used to quantify the kinematics of each subject’s test limb during the experimental
task over the four test conditions. The OPTOTRAK optoelectronic system (see Figure
3.4) was chosen to collect the kinematic data in the present study due to its manufacturer
reported accuracy in marker detection (to 0.1 mm), its minimal intrusion and invasion
on the subject’s motion due to lightweight components, the ability to telemeter signals,
its ability to synchronously collect alongside EMG and ground reaction force data, and
due to its real-time data coordinate viewing and recording capability.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.4: The components of the OPTOTRAK system: (a) System Control
Unit, (b) Position Sensor, (c) OPTOTRAK Data Acquisition Unit II, (d)
Strober Unit and LED, (e) Tetherless Receiver and Battery, and (f) Tetherless
Controller.
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Small et al. (1996) has commended the accuracy of 3-dimensional optoelectric
measurement using non-invasive surface markers, commenting a similar accuracy to
that of stereoradiographic analysis of bony segments. These authors suggested that skin
markers accurately reflected the underlying alignment and motion of the bony segments,
with sources of error being on average less than 6°. Reinschmidt et al. (1997) also
commended the accuracy of skin markers to represent knee flexion and extension
motions.

Although to date there is no literature verifying the accuracy of the

OPTOTRAK system, during pilot testing the system was confirmed to be reliable and
accurate so as to be suitable for kinematic data collection in the present study. The
calibration procedure is discussed later in this section.

The system consisted of a Position Sensor that housed three charge couple devices
(CCD) to monitor the positioning in space of light emitting diode (LED) markers.
These markers were attached to the skin surface of the subject’s test limb, using doublesided adhesive tape, on the lateral malleoli of the fibula, the lateral aspect of the knee
joint line, and the greater trochanter of the femur (Steele, 1997).

These bony sites were used due to their ease of location and therefore reproducibility
across test subjects, and they permitted later calculation of knee flexion angle (See
Section 3.2.9). Only three markers were used to represent lower limb motion so as to
minimise the equipment the subjects had to wear during landing, whilst still obtaining
sufficient data to enable later calculation of knee flexion angle during landing. Wires
from these LED markers were then attached to a strober unit powered by a battery pack,
which sent the signal to a telemetered receiver that was also powered by the same
battery pack. The packs were all attached to a light-weight belt secured around the waist
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of the subject (total weight = 550 g; see Figure 3.5), and all wires were taped to the
subject so that normal motion was not inhibited. The LED signals were then sent via
telemetry to a receiver that was located on top of the Position Sensor that, in turn, was
connected via a communication cable to the OPTOTRAK’s System Control Unit. This
System Control Unit communicated with an interface card and the OPTOTRAK
Software that was housed on a Pentium computer to allow the motion coordinates to be
displayed, collected, and stored for later analysis (see Figure 3.6).

(a)
(b)
(c)

(d)

(e)

Figure 3.5: The waist-belt subjects wore during testing:
(a) LED, (b) Strober Unit, (c) Tetherless Receiver, (d) Battery,
and (e) EMG Transmitter.

The input for the OPTOTRAK software (Collect Program) included LED marker settings
(marker frequency = 2,500 Hz, duty cycle = 50, volts = 7, duty cycle = ON) which were
set according to the number of markers and the marker intensity required for the
experimental task. The raw three-dimensional coordinates of the LEDs placed on each
subject’s test limb were then recorded for 4 s at 200 Hz to sufficiently capture the
deceleration task. Although three-dimensional coordinates were collected, kinematic
analysis was restricted to a two-dimensional analysis of the landing action as this action
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was predominantly in the sagittal plane. Furthermore, knee flexion angle during landing
was the primary focus of the present study as the degree of knee flexion will determine
the line of action of the hamstring muscles and, in turn, their ability to provide
secondary restraint to anterior tibial translation (see Section 2.4).

1

2

6

3m
5

4

3

Key
1 = Thrower
2 = Force platform
3 = Prepared test subject (3 LEDs on test limb)
4 = OPTOTRAK Position Sensor with 3 CCDs
5 = Tetherless Controller
6 = Computer station with ODAU and System Control Unit

Figure 3.6: The laboratory set-up for data collection during the landing trials.
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The Position Sensor was pre-calibrated during manufacturing to be able to collect data
within its field of view (2.2 m-6 m) away from the CCDs.

Before testing, this

calibration was statically and dynamically tested. Static testing involved using LED
markers placed on objects at known distances away from the Position Sensor. Dynamic
testing involved moving markers in the field of view known distances in the three planes
of movement with respect to the CCDs.

The Position Sensor was placed on a stable surface 75 cm above the floor surface and 3
m away from the force platform (see Figure 3.6). During task familiarisation the
markers were viewed in real-time to ensure the Position Sensor was able to accurately
track them throughout the entire landing phase.

The external LED markers were used to estimate the internal movement of the segments
of each subject’s test limb during the experimental task. However, as discussed by
Andriacchi (1990) and Ramsey & Wretenberg (1999), the use of external markers to
estimate segmental motion is limited by skin motion relative to the underlying bony
structures. Whilst invasive bone markers have been suggested to provide the best
accuracy in terms of bony movement (Nigg & Cole, 1994), with differences of up to
50% for knee angles recorded by external versus fixed bone markers, using intracortical
pins was not considered appropriate in the present study due to their highly invasive
nature. Furthermore, Reinschmidt et al. (1997b) noted that skin-mounted markers were
able to provide a good representation of skeletal motion during knee flexion and
extension motions. These authors suggested that errors due to skin marker movement
artefact at the shank were less than 5° for all knee rotations during walking and running
movements.

Reinschmidt et al. (1997a) noted overestimates in average maximal
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eversion motion (16.0°) of the tibiocalcaneal joint when external shoe markers were
compared to bone pin measures (8.6°). These results suggest that where appropriate, to
limit external marker movement, markers should be placed directly on the skin surface,
preferably over easily identified bony landmarks. Marker movement was minimised in
the present study by placing the LED markers on rigid bony landmarks, as opposed to
skin overlying soft tissues (see Section 3.2.9). In addition, the LED markers chosen
were small in diameter (1.5 cm) and very light (6 g) so as to limit their momentum when
the skin below moved.

To estimate the amount of marker movement throughout the experimental task in the
present study, changes in the displacement between the lateral malleoli marker relative
to the knee marker, and the knee marker relative to the greater trochanter marker
throughout the landing task were calculated. The mean marker motion in the present
study was estimated to be 2.6 ± 0.3 cm for the leg segment (lateral malleoli-knee
marker) and 4.1 ± 0.5 cm for the thigh segment (knee-greater trochanter markers). These
values indicate smaller mean marker movement for the leg segment (3.8 ± 1.2 cm) yet
greater mean marker movement for the thigh segment (0.5 ± 1.4 cm) when compared to
the dynamic landing of recreational male and female athletes in a study by Cowling
(1998). Smaller mean marker movement values pertaining to the lower limb (thigh
segment: 0.4 ± 0.3 cm; leg segment: 1.1 ± 0.7 cm) have been obtained by Steele (1997)
during a similar dynamic landing task.

During the experimental task the subjects were required to wear a singlet top/T-shirt,
shorts, and sports shoes with low cut socks to ensure free and easy limb motion during
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landing, and to allow clear access to their skin for placing markers. The subject’s
clothing was secured with strapping tape to avoid the markers being occluded.

3.2.6

Electromyographic Data Collection

Muscle activation patterns for two superficial hamstring muscles (semimembranosus
(SM) and biceps femoris (BF)) and two superficial quadriceps muscles (rectus femoris
(RF) and vastus lateralis (VL)), were chosen for analysis to ascertain whether the
recruitment patterns of the hamstring muscles could be altered with respect to the
quadriceps muscles and initial foot-ground contact following the verbal instructions.
Table 3.1 outlines the procedure used to locate each electrode site. Once the initial
location of each muscle belly was marked with an eyebrow pencil, these sites were
confirmed via palpation as the subject performed isometric contractions of each muscle.
The final location of each muscle belly was then re-marked onto the subjects’ skin with
an eyebrow pencil. Assumed muscle fibre direction was noted and where appropriate, a
line parallel to this direction was pencilled on the skin of the subject to aid in aligning
the bipolar electrodes (Steele, 1997).
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Table 3.1: Procedure for locating electrode sites for rectus femoris (RF), vastus
lateralis (VL), biceps femoris (BF), and semimembranosus (SM); (Steele,
1997).
Muscle Site

Location Procedure

RF

• with the subject lying supine, the mid-patella of their test limb is
marked with a pencil
• a line is drawn from the anterior superior iliac spine to the mid-patella
• a point 50% from the mid-patella to the groin line is marked
• the subject extends their leg against a resistance whilst the muscle
belly in centre of the upper thigh is palpated to locate the RF muscle
• the confirmed site is marked with pencil for skin preparation

VL

• the subject extends their leg against a resistance whilst the muscle
belly is palpated at a point lateral to RF but on the lower half of the
thigh, 50% from the RF line to the lateral aspect of thigh and 25% of
the distance from the mid-patella to the groin line
• the confirmed site is marked with pencil for skin preparation

BF

• the subject locates their ischial tuberosity by sitting on a hard bench
and moving their buttocks sideways
• while subject is standing, a line is drawn from the lateral (BF) tendon
insertion to the ischial tuberosity
• while standing, the subject flexes their leg against a resistance and
the prominent tendon on the lateral thigh is palpated and followed up
to the muscle belly
• the confirmed site is marked with pencil for skin preparation

SM

• while the subject is standing, a line is drawn from the posterior medial
tibia below the joint line to the ischial tuberosity
• the standing subject flexes their leg against a resistance whilst the
prominent tendon (semitendinosus; ST) is palpated and followed up
to the muscle belly to locate the SM muscle belly which is medial to
ST
• the confirmed site is marked with pencil for skin preparation

Electrode placement sites for the four muscles and the reference electrode site (lateral
tibial condyle) were prepared for each subject following standard procedures (Basmajian
& De Luca, 1985). A disposable razor was used to remove excess hair, 3M One-Step
Skin Prep Tape (Minnesota, USA) was used to lightly abrade the skin surface, diluted
ethanol was used to sterilise the skin surface, and the skin surface was allowed to dry
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before electrode placement.

Adhesive bipolar silver-silver chloride 3M Infant

Monitoring disposable surface electrodes (Ontario, Canada) were then placed over the
relevant muscle bellies (inter-detection-surface spacing of 10 mm) and, after again
confirming correct

electrode placement via muscle palpation and a clear

electromyographical signal, electrode wires were taped to the subject’s skin to minimise
movement artefact (Basmajian & De Luca, 1985).

Electrical impedance levels of the skin for each electrode site were checked using a
CardioMetrics Artifact Eliminator® (Model CE01, Australia). A level of less than 6
kOhms was deemed satisfactory. Electrical potentials were relayed from the electrodes
to a Telemyo 8/16 battery powered (9 V) Transmitter (Noraxon: Arizona, USA; mass =
0.44 kg, dimensions = 8 x 18 cm), strapped firmly to each subject’s lower back,
supported by Tubifast® (Oldham, England) stockings. The EMG signal were then
relayed from the transmitter to the Telemyo 8/16 Receiver via an antenna, which was
positioned as recommended in the instruction manual at a height above the test subject,
within the line of sight of the transmitter. The analogue output for the four muscles
from the receiver (± 5 V for full scale) were sampled at 1,000 Hz (bandwidth per
channel = 16-500 Hz *) using the OPTOTRAK 3020 Motion Analysis System software in
conjunction with an OPTOTRAK Data Acquisition Unit (ODAU) and stored for later
analysis.

This ODAU and accompanying software was also responsible for

synchronising the kinematic, force and EMG data.

*

Basmajian & De Luca, (1985) described bandwidth as a window in the frequency domain. They
recommended a bandwidth with a low point of about 20 Hz, and a high point of a frequency 2-4 times
higher than the highest frequency in the signal being monitored.
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3.2.7

Data Collection Schedule

All testing was conducted in the Biomechanics Research Laboratory, Department of
Biomedical Science, University of Wollongong, New South Wales, Australia. The flow
diagram in Figure 3.7 depicts the order of events each subject followed during each
testing session. After completing testing, subjects were de-prepped and voluntarily
completed a cool down on the cycle ergometer to prevent subsequent muscle stiffness.

Subjects recruited (n = 24)

Informed consent provided
Subject injury questionnaire completed

Anthropometric data collected
Limb dominance determined

Subject preparation
Warm-up / Task familiarisation

Landings trials

Subject de-prep
Cool-down

Figure 3.7: Flow chart representing the order of events for a test session.
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3.2.8

Ground Reaction Force Data Analysis

The four vertical, two anteroposterior, and two mediolateral individual channels, as
recorded from the Kistler force platform were summed following removal of any offset,
to obtain vertical, anteroposterior, mediolateral and peak resultant ground reaction
force-time curves. A typical force-time curve generated during landing is depicted in
Figure 3.8.

Peak FV

Peak FAP
IC

0

200

400

600

Peak FML
800 1000 1200 1400 1600 1800

Figure 3.8: Typical force-time curve generated during landing (Peak F V : peak vertical
ground reaction force; Peak F AP : peak anteroposterior ground reaction force; Peak F ML :
peak mediolateral ground reaction force; IC: initial-contact of test limb foot with force
platform).

From the force-time curves the following variables were calculated for the 10 trials per
test condition:
1)

peak vertical ground reaction force (peak F V );

2)

peak mediolateral ground reaction force (peak F ML );

3)

peak anteroposterior ground reaction force (peak F AP );
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4)

peak resultant ground reaction force (peak F R ); and

5)

time from initial contact (IC) of the force platform to the time of the peak F R
(ms).

These variables were chosen as they indicate the magnitude and timing of the forces
generated by the subjects during the experimental task. Timing of IC and of the peak F R
also served as temporal reference points when later analysing the sagittal plane motion
and muscle activation patterns generated during landing (see Sections 3.2.9 and 3.2.10).
These force variables were determined for each trial using PROG software (Andrews,
1996). All force values were recorded in Newtons (N) and then normalised relative to
each subjects’ body weight (BW) to account for variations in the ground reaction forces
caused by differences in subject mass.

3.2.9

Analysis of Knee Flexion During Landing

The three-dimensional coordinates recorded by the Collect Program software were used
as input, in conjunction with the OPTOTRAK Data Analysis Program (DAP) software,
to derive the two-dimensional sagittal plane knee joint angles displayed by the subjects
during the entire landing phase of the experimental task. The kinematic data were then
analysed with respect to the ground reaction force data to calculate:
1)

the knee flexion angle in degrees at the time of IC (that is, calculated from the
frame corresponding to when the subject first established contact with the ground
at landing, and when loading of the test limb commenced, as confirmed by visual
inspection of the resultant force-time curve); and

2)

the knee flexion angle in degrees at the time of the peak F R (that is, calculated
from the frame corresponding to when the resultant of the ground reaction forces
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generated during landing reached its maximum value, thereby imposing maximum
forces on the subject’s body, as obtained from the ground reaction force data
analysis).

The times of IC and peak F R were chosen as critical points in the experimental protocol
as these points reflect where the initial point of ground contact occurs during landing,
and where there is the greatest amount of force applied to the subject’s body,
respectively. These critical points have also been analysed in previous studies involving
dynamic landing (Cowling & Steele, 2001a; Cowling & Steele, 2001b; Steele & Brown,
1999).

The OPTOTRAK Data Analysis Package (DAP) Software, Version 2.013

program was used to ascertain the two-dimensional sagittal plane knee joint angle (see
Figure 3.9), following initial smoothing of the raw coordinate data using a fourth-order
Butterworth filter (cut-off frequency = 11 Hz) to minimise noise. A cut-off frequency of
11 Hz was deemed suitable after viewing the raw data after it had been filtered with
various other frequencies, ranging from 5-15 Hz, and based on cut-off frequencies
which have been previously used in studies examining similar landing tasks (Cowling &
Steele, 2001a; Cowling & Steele, 2001b; Steele & Brown, 1999). Any trials that were
grossly contaminated by noise, and thus yielded extreme outlier angles were disregarded
before means and standard deviations were calculated for each of the landing conditions.
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* Greater Trochanter LED
Thigh

*Knee LED
∝
Leg
Lateral Malleoli LED

*

Figure 3.9: The convention used to calculate the knee flexion angle (∝; 0° represents
full knee extension).

3.2.10 Analysis of Muscle Activity During Landing
For each of the four lower limb muscles monitored during the experimental task (RF,
VL, BF, and SM), the muscle burst recruited immediately prior to IC was selected for
analysis to determine if recruitment of the hamstring and quadriceps muscles varied over
the four test conditions (see Section 3.3.3). A typical VL filtered burst, VL linear
envelope, and peak resultant ground reaction force trace for a landing trial is depicted in
Figure 3.10.
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Figure 3.10: Representative EMG data. (a) Filtered VL muscle activity, (b) VL
linear envelope, and (c) peak resultant ground reaction force generated over 4 s
landing trial (••••• represents the time of initial contact).
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To assess the temporal characteristics of each muscle burst, the raw EMG data were
initially visually inspected and any signal offset removed using signal processing
software (PROG; Andrews, 1996). The raw signal was then filtered using a fourth order
zero-phase-shift Butterworth high pass filter (ƒ c = 15 Hz; Winter et al., 1994) using
PROG software (Andrews, 1996) to eliminate any movement artefact (Winter et al.,
1994). This filter was deemed suitable after viewing the filtered signals with respect to
the raw signal, and after trialling a range of cut-off frequencies ranging from 12-18 Hz.
The filtered EMG data were then full-wave rectified and low pass filtered (ƒ c = 20 Hz)
and the resultant linear envelope screened with a threshold detector (7% of maximum
amplitude) to determine muscle burst onset and offset. Cut-off frequencies ranging
from 10-25 Hz (1 Hz increments) were initially tried for the low pass filter and 20 Hz
was selected as it produced a smoothed representation of the raw EMG signals which
closely resembled the shape of the muscle tension curves whilst retaining critical
temporal components of the signal. Muscle burst onset and offsets were deemed to have
occurred when 14 consecutive samples (1000 Hz sampling rate) of the linear envelope
exceeded and passed back under, respectively, a threshold of 7% of the maximum
amplitude of the linear envelope of the muscle burst of interest.

A 7% threshold was chosen after trialling thresholds ranging from 3-15%, and
comparing the output against muscle burst onsets and offsets manually derived from the
filtered EMG data and the linear envelopes. This threshold value has also been used to
calculate muscle burst onsets and offsets in previous studies examining lower limb
muscle synchrony that have employed similar experimental tasks and testing protocols
(Cowling & Steele, 2001a; Cowling & Steele, 2001b; Steele & Brown, 1999). Each
signal was then visually inspected to confirm validity of the calculated results and to
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minimise the probability of a Type I error (Vincent, 1995). Although the same person
(principal investigator) visually inspected and analysed every muscle burst for every trial
for every subject, reliability was confirmed by analysing the onset and onset of the four
muscles for one trial repeated six consecutive times. The reliability was considered
extremely high as indicated by the mean intraclass correlation coefficient value (R 1 =
1.0 ± 0.0).

The following temporal variables were then calculated for each of the four muscles (RF,
VL, BF, and SM):
1)

muscle burst duration (ms);

2)

time of muscle burst onset relative to IC time (ms); and

3)

time of muscle burst peak relative to IC time (ms).

These variables were chosen to determine whether the verbal instructions altered the
recruitment times of the representative hamstring and quadriceps muscles during the
experimental task. The muscle activation patterns and kinematic variables were assessed
relative to the times of IC and the peak F R , as these times have been identified as
important during the landing task (See Section 3.2.9).

In addition to the temporal characteristics, the intensity of each muscle burst was
estimated by calculating the integrated EMG (IEMG) for each BF and SM muscle burst
which occurred immediately prior to IC. This analysis involved taking a 100 ms time
segment, 50 ms either side of the peak muscle burst time, and calculating the IEMG
using PROG software (Andrews, 1996). The normal (N) condition was represented by a
level of 100%. The three remaining conditions were then normalised relative to the
normal condition, and also given a percentage value that represented the level of muscle
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activity. The integrated hamstring muscle signals were analysed to determine the ability
of subjects to successfully respond to the M verbal instruction (“This time when you run
to land, I want you to turn the muscles at the back of your thigh on earlier and more
before landing; see Section 3.2.3), compared to the other conditions.

3.2.11 Statistical Analysis
Means and standard deviations were calculated for the ground reaction force variables,
the knee flexion angles and the EMG variables grouped by the four test conditions. The
variables are listed in Sections 3.2.8, 3.2.9, and 3.2.10. After confirming normality
(Kolmogorov-Smirnov test with Lilliefors’ correction) and equal variance (Levene
Median test) for the data, the variables were analysed using a one-way repeatedmeasures ANOVA (Jandel SigmaStat software, Version 2.03). Where a main effect
was noted, post-hoc analysis was conducted using a Student-Newman-Keuls test. The
main purpose of this design was to ascertain if there were any significant differences (p
≤ 0.05) in the knee flexion angle or muscle activity during landing as a consequence of
simply repeating the movement or as a consequence of either verbal instruction, and
whether the changes influenced the ground reaction forces generated at landing.
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3.3

Results & Discussion

3.3.1

Ground Reaction Force Data

The means and standard deviations for the ground reaction forces generated during
landing by the subjects are presented in Table 3.2. These ground reaction forces were
comparable to the forces generated in some of the previous studies involving singlelimb landings that are listed in Table 2.1. In particular, the average peak F R generated
for the current study were similar to those reported by Steele & Brown (1999) for
healthy subjects and for ACL deficient subjects performing a similar landing task. In
contrast, Cowling & Steele (2001a) reported higher peak F R values for recreational
athletes who were skilled at catching a ball during dynamic landing. These differences
in values may have been due to differing approach velocities of subjects in the two
studies, or may reflect the superior ability of the more skilled athletes in the present
study to be able to attenuate the ground reaction forces generated at landing, compared
to their less skilled counterparts. Steele & Milburn (1987) reported higher mean peak
anterior-posterior forces than those recorded in the current study.

Although their

subjects were also highly skilled netball players, the landing task was different, whereby
subjects sprinted forward, darted to the side to catch a pass, and then passed the ball
back to the thrower. The mean peak vertical forces (F V ) generated in the current study
were smaller than those reported by Steele & Milburn (1987) for the previously
mentioned landing task.

These differences in values again may have been due to

differing approach velocities of subjects in the two studies, as it is well known that force
generated at landing is a product of both the subject’s mass and their acceleration.
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Table 3.2: Ground reaction forces (mean ± standard deviation) generated during landing by
the subjects (n = 24) during the four test conditions.

Variable

Normal

Repeat

Test Condition
Knee Instruction

Muscle Instruction

Peak FR (N)

2522 ± 555

2506 ± 537

2277* ± 654

2631 ± 680

Peak FV (N)

2303 ± 519

2277 ± 493

2092* ± 626

2441** ± 634

Peak FAP (N)

1147 ± 227

1157 ± 255

1029* ± 264

1118 ± 301

Peak FML (N)

157 ± 51

161 ± 56

149 ± 64

164 ± 83

Peak FR (BW)

3.73 ± 0.82

3.71 ± 0.79

3.37* ± 0.97

3.89 ± 1.01

Peak FV (BW)

3.41 ± 0.77

3.37 ± 0.73

3.10* ± 0.93

3.61** ± 0.94

Peak FAP (BW)

1.70 ± 0.34

1.71 ± 0.38

1.52* ± 0.39

1.65 ± 0.45

Peak FML (BW)

0.23 ± 0.08

0.24 ± 0.08

0.22 ± 0.09

0.24 ± 0.12

FV = vertical ground reaction force; FAP = anteroposterior ground reaction force;
FML = mediolateral ground reaction force; FR = resultant ground reaction force.
* Knee Instruction significantly different to the remaining three conditions (p < 0.05).
** Muscle Instruction significantly different to the remaining three conditions (p < 0.05).

Study 1: Can simple verbal instructions alter landing technique?

Irrespective of these between-study similarities and differences, it is evident that the
subjects in the present study generated relatively high ground reaction forces when
landing so abruptly.

There was a significant main effect of test condition on the ground reaction force
variables (see Table 3.3), although post-hoc analysis indicated that there were no
significant differences in the ground reaction forces variables displayed by the subjects
between the normal (N) and the repeated normal (R) landing conditions. These results
confirmed the notion that skilled netball players can consistently reproduce the ground
reaction forces that they generate when performing sets of the same landing task.
Pearson product moment correlation coefficients were also calculated across the force
variables between data obtained for the N and R conditions with results suggesting a
high level of consistency between the two conditions (peak F V : r = 0.939; peak F AP : r =
0.904; peak F ML : r = 0.863; peak F R : r = 0.938).

In contrast, post-hoc analysis revealed that the knee angle verbal instruction condition
(K) differed significantly from the other three conditions (see Table 3.3) whereby when
the subjects were given the K instruction prior to landing, they displayed significantly
lower landing forces than for the other three conditions (see Table 3.2). Therefore, the
K instruction was effective in modifying the subjects’ landing techniques such that the
forces generated by the subjects during landing were significantly reduced.
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Table 3.3: F-ratios and alpha levels from the ANOVA and q values from the Student-Newman-Keuls
Tests for the ground reaction forces generated during landing by the subjects (n = 24).

Variable F (3, 95)

p-value

R vs K

Test Condition Comparisons
N vs K
M vs K
M vs R

M vs N

N vs R

Peak F R

12.400 <0.001* p < 0.05** p < 0.05** p < 0.05**
q = 5.432 q = 5.804 q = 8.377

p > 0.05
q = 2.945

p > 0.05 p > 0.05
q = 2.573 q = 0.372

Peak F V

13.004 <0.001* p < 0.05** p < 0.05** p < 0.05**
q = 4.660 q = 5.293 q = 8.771

p < 0.05**
q = 4.110

p < 0.05** p > 0.05
q = 3.478 q = 0.633

Peak F AP

6.969

<0.001* p < 0.05** p < 0.05** p < 0.05**
q = 5.803 q = 5.346 q = 4.053

p > 0.05
q = 1.749

p > 0.05 p > 0.05
q = 1.293 q = 0.457

Peak F ML 0.660

0.58

* indicates a significant main effect of test condition.
** indicates a significant between-test condition comparison.
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McNair et al. (2000) and Prapavessis et al. (2003) noted a similar reduction in landing
forces generated by subjects performing a drop jump landing after the subjects were
instructed to bend their knees more prior to landing (see Section 2.7). As the landing
employed during the current study was more dynamic and complex than drop jumping,
the present results not only confirm those of McNair et al. (2000) and Prapavessis et al.
(2003), but further substantiate the effectiveness of simple verbal instructions in terms
of changing the kinematics of the subjects’ landing technique to reduce the ground
reaction forces generated during a very dynamic landing task. Minimising ground
reaction forces during landing is advantageous in that subjects have to dissipate a
smaller force throughout the body during landing, and therefore have a reduced
potential for injury (see Section 2.7).

Post-hoc analysis further indicated that when subjects were given the muscle instruction
prior to landing (M) they displayed significantly larger vertical landing forces compared
to the remaining test conditions (see Table 3.3).

Therefore, in contrast to the K

instruction, the M instruction was likely to increase rather than decrease ACL injury risk
during landing as the M instruction tended to result in subjects generating larger forces
during landing (see Section 2.7).

3.3.2

Knee Flexion Data

Table 3.4 depicts the knee flexion angles displayed by subjects for the four test
conditions at the times of IC and peak F R . The knee flexion angles displayed in the
current study were smaller than those reported in previous research that investigated
dynamic single-limb landings (Cowling & Steele, 2001a; Gauffin & Tropp, 1992; see
Table 2.2). However, Steele & Brown (1999) reported more comparable knee flexion
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Table 3.4: Knee flexion angles (mean ± standard deviation) displayed during landing by the subjects
(n = 24) during the four test conditions.

Variable
Knee angle at IC time (°)¥
Knee angle at peak FR time (°)§
¥

Normal

Repeat

9 ± 4
15 ± 4

9 ± 4
14 ± 4

Test Condition
Knee Instruction
11* ± 4
18* ± 5

IC = intial contact time of the test foot with the force platform during landing.
FR = resultant ground reaction force.
* Knee Instruction and Muscle Instruction significantly different to the remaining two conditions (p < 0.05).
** Knee Instruction significantly different to Muscle Instruction (p < 0.05).

§

Muscle Instruction
11 ± 4
16** ± 4
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results to the present study for healthy and ACL deficient subjects performing a similar
dynamic landing task (see Table 2.2). Steele (1990) suggested that subjects performing
dynamic landing tasks akin to the current study should land with the knee flexed 17° at
the time of IC and 40° at the time of peak F R to minimise musculoskeletal injury.
Furthermore, greatest stress to the ACL has been reported for knee flexion angles of 040° (Paulos et al., 1981). Subjects in the current study displayed knee flexion angles
substantially below the figures suggested by Steele (1990), thereby diminishing the
hamstring muscles’ ability to provide a posterior drawer force to assist the ACL in
combating the high shear forces generated during dynamic landing (Hirokawa et al.,
1991,1992). The hamstring muscles have been shown to be less effective in providing a
posterior tibial drawer force when the knee is near full extension (0-15° flexion), as the
muscle force line of action has a small perpendicular (posterior drawer force)
component relative to the vertical (joint compression) component (see Section 2.4).

There was a significant main effect of test condition on the knee flexion angles
displayed during landing (see Table 3.5). Although the subjects displayed no significant
differences in knee flexion between the N and R landing conditions, post-hoc analysis
confirmed that the K and M instruction conditions resulted in significantly greater knee
flexion at the times of IC and peak F R than the other two conditions. Furthermore, posthoc analysis confirmed the K condition resulted in significantly greater knee flexion at
the time of peak F R than for the M condition. This result suggests that the K instruction
was effective in achieving its aim as the instruction specifically requested the subjects to
bend their knees more upon landing.
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Table 3.5: F-ratios and alpha levels from the ANOVA and q values from the Student-Newman-Keuls Tests for the
knee flexion angles displayed during landing by the subjects (n = 24).
Test Condition Comparisons
M vs K
M vs R
M vs N

Variable

F (3, 95)

p-value

R vs K

N vs K

Knee flexion at IC (°)

15.545

<0.001*

p < 0.05**
q = 7.182

p < 0.05**
q = 6.661

p > 0.05 p < 0.05**
q = 0.208 q = 6.974

p < 0.05** p > 0.05
q = 6.453 q = 0.520

Knee flexion at F R (°)

21.479

<0.001*

p < 0.05**
q = 9.844

p < 0.05**
q = 9.425

p < 0.05** p < 0.05**
q = 4.608 q = 5.236

p < 0.05** p > 0.05
q = 4.817 q = 0.419

* indicates a significant main effect of test condition.
** indicates a significant between-test condition comparison.

N vs R
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Despite the M instruction condition focussing on changing muscle activity, this
instruction also resulted in greater knee flexion compared to the N and R conditions
during landing, conceivably as a result of the subjects trying to act upon the M
instruction. Increased knee flexion was suggested to be beneficial in providing a more
advantageous muscle line of action for the hamstring muscles to provide a posterior
tibial drawer force to assist the ACL (see Section 2.4). Although being significantly
more flexed than during the N and R conditions, the subjects still displayed limited knee
flexion during the M and K conditions such that the force generated by the hamstring
muscles was more likely to produce greater joint compression than posterior tibial
drawer (Hirokawa et al., 1992; see Section 2.4). Furthermore, although the K condition
resulted in more knee flexion at the time of peak F R than the M condition, due to the
relatively small absolute difference between the mean knee angles during these
conditions (2°), these results must be considered with due caution as to their clinical
significance.

Kirkendall & Garrett (2000) suggested that to decrease ACL injury risk, athletes should
be properly instructed on how to perform cutting and dynamic landing movements.
These authors highlighted that when an individual’s centre of gravity was lowered, via
increased knee and hip flexion, that the quadriceps muscles were less able to provide an
anterior tibial drawer to the detriment of the ACL. McLaughlin et al. (1978) also
suggested that increased hip flexion can lead to decreased quadriceps muscle activity,
thereby decreasing the potential for these muscles to generate an anterior tibial drawer
force, whilst Huston et al. (2000) suggested that landing and pivoting techniques that
employed increased knee flexion may decrease ACL injury potential. The benefits of
increased lower limb joint flexion were exemplified by Griffis et al. (1999 cited in
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Kirkendall & Garrett, 2000), who reported an 89% decrease in ACL injuries over a 2year period in female basketball players who were taught to bend their knees more and
keep their feet under their hips during side-step cutting (see Table 2.4). Therefore, the
results from these studies suggest that ACL injuries may be reduced during high ACL
risk movements by changing the movement pattern, for example, by increasing knee
flexion during activities such as landing. Whilst results from the current study suggest
that the K instruction was effective in significantly increasing knee flexion during
dynamic landing, as previously stated, the increase in knee flexion angle was only a few
degrees and would not have provided a sizable advantage to the hamstring muscles in
generating a posterior tibial drawer given the fairly extended knee positioning during
landing. It is postulated that to achieve more sizable increases in knee flexion during
dynamic landings, more intensive training methods other than simple verbal instructions
alone may be required.

3.3.3

Muscle Recruitment Data

The means and standard deviations for variables representing the muscle recruitment
patterns displayed by the subjects during the landing trials for the four test conditions
are summarised in Table 3.6. Similar to the results of Cowling & Steele (2001a), the
current study noted a sequence of muscle activity whereby the hamstring muscles were
recruited prior to the quadriceps muscles and before IC (see Table 2.3). Likewise, peak
hamstring muscle activity occurred before IC for all test conditions, whereas peak
quadriceps muscle activity occurred after IC. This pre-programmed muscle patterning,
with the hamstring muscles being recruited prior to the quadriceps muscles, has been
suggested to be protective to the ACL (see Section 2.6).
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Table 3.6: Muscle recruitment patterns (mean ± standard deviation) displayed at landing by the subjects (n = 24) during
the four test conditions.

Variable

Muscle

Normal

Repeat

Test Condition
Knee Instruction

Muscle burst duration (ms)

RF
VL
SM
BF

447
366
312
447

±
±
±
±

67
65
85
126

435
372
302
430

±
±
±
±

45
56
80
128

527*
459*
327
457

±
±
±
±

59
54
101
114

Muscle burst onset time to IC (ms)¥

RF
VL
SM
BF

-83
-86
-183
-216

±
±
±
±

33
37
39
54

-77
-82
-185
-209

±
±
±
±

27
28
35
34

-72
-81
-189
-203

±
±
±
±

RF
VL
SM
BF

82
66
-54
-46

±
±
±
±

29
44
24
59

81
74
-59
-51

±
±
±
±

26
23
19
43

93
81
-60
-38

±
±
±
±

Muscle burst peak time to IC (ms)

¥

§

a negative value indicates that muscle burst onset occurred prior to IC time.
a negative value indicates that peak muscle activity occurred prior to IC time.
* Knee Instruction significantly different to the remaining three conditions (p < 0.05).
** Muscle Instruction significantly different to the remaining three conditions (p < 0.05).
*** Muscle Instruction significantly different to the Knee Instruction (p = 0.013).

§

Muscle Instruction
461
383
330
475

±
±
±
±

98
88
111
134

34
39
42
42

-110**
-97
-194
-220

±
±
±
±

53
51
70
66

41
23
23
50

72***
68
-68
-51

±
±
±
±

26
25
47
66
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The burst durations of the quadriceps and hamstring muscles were consistently longer
for the current study (see Table 3.6) than for subjects performing the same landing task
in the study of Cowling & Steele (2001a). As the same abrupt landing task was
employed for both studies, this result may reflect differences in the subject groups
whereby Cowling & Steele (2001a) recruited male and female recreational athletes from
various sports that were skilled at the task, whereas the current study employed
exclusively female A-grade netball players.

Longer burst durations may therefore

reflect more established and ingrained muscle patterning in the netball players as a
result of their specific and extensive training in the landing task, and perhaps more
efficient muscle contractions during landing compared to shorter bursts. However, the
large standard deviations evident in the current study, for the hamstring muscles in
particular, may suggest that although as a group the A-grade athletes displayed
consistently lengthier contractions, there was still a high degree of variability in the
strategies used by individual subjects when they contracted their muscles during landing
for the four conditions. These strategies would have been stored in the motor program
that individual subjects employed for the landing trials (see Section 2.8).

Although there were significant main effects of test condition on muscle activity, posthoc analysis revealed that the subjects displayed no significant differences in any of the
muscle activity variables between the N and R test conditions. These results may
suggest that there was a high level of similarity in the muscle activation patterns used by
these highly skilled netball players during standard landing trials. This finding was
somewhat expected as there were the same task requirements for the N and R
conditions, and therefore the same pre-programmed motor program would have been
dispatched from the central nervous system to coordinate the muscle activity required
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for the anticipated abrupt landing in all N and R condition trials (see Section 2.8).
Furthermore, given the high skill level of the netball players and their frequent and
specific training in dynamic landing, it was anticipated that the N and R condition
landings would be highly comparable.

A significant main effect of test condition was found on the RF and VL muscle burst
durations with post-hoc analysis confirming that the K condition resulted in
significantly longer quadriceps muscle burst durations than for the remaining three
conditions (see Table 3.7). It may be speculated that this increased burst duration may
have resulted from subjects consciously trying to increase their knee flexion during
landing, and thereby calling upon a motor program with longer RF and VL muscle
bursts to adequately control this increased knee flexion motion (see Section 3.3.2).
However, further evidence would be required to clearly understand the neural basis
behind the increased knee flexion and longer burst durations.

A significant main effect of test condition was also found on the RF onset to IC time
whereby post-hoc analysis confirmed the M condition resulted in significantly longer
RF onset to IC times than for the other conditions (see Figure 3.11).
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Table 3.7: F-ratios and alpha levels from the ANOVA and q values from the Student-Newman-Keuls Tests for the muscle
recruitment patterns displayed during landing by the subjects (n = 24).

Variable
Muscle burst duration (ms)

Muscle burst onset time to IC (ms)

Muscle burst peak time to IC (ms)

Muscle F (3, 95)

p-value

R vs K
p < 0.05**
q = 7.469
p < 0.05**
q = 7.282

p < 0.05**
q = 6.474
p < 0.05**
q = 7.818

p > 0.05
q = 1.058

p > 0.05 p < 0.05** p < 0.05** p < 0.05** p > 0.05
q = 2.450 q = 8.590 q = 7.532 q = 6.140 q = 1.392

p > 0.05
q = 2.843

p > 0.05 p < 0.05**
q = 2.576 q = 4.782

RF

11.094

<0.001*

VL

13.166

<0.001*

SM
BF

2.329
2.069

0.082
0.112

RF

14.772

<0.001*

VL
SM
BF

2.685
0.479
0.927

0.053
0.698
0.432

RF

3.857

0.013

VL
SM
BF

1.685
1.486
0.666

0.178
0.226
0.576

* indicates a significant main effect of test condition.
** indicates a significant between-test condition comparison.

Test Condition Comparisons
N vs K
M vs K
M vs R
p < 0.05**
q = 5.362
p < 0.05**
q = 6.377

p > 0.05
q = 2.108
p > 0.05
q = 0.905

M vs N

N vs R

p > 0.05
q = 1.113
p > 0.05
q = 1.440

p > 0.05
q = 0.995
p > 0.05
q = 0.536

p > 0.05
q = 2.206
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Muscle Instruction

*

Knee Instruction

Repeat Landing

Normal Landing

-200

-180

-160

-140

-120

-100

-80

-60

-40

-20

IC

Time (ms) of burst onset prior to IC
* indicates a significant difference between Muscle Instruction
and the remaining three conditions (p < 0.05).

Figure 3.11: Rectus femoris muscle burst onset time relative to initial contact (IC;
mean ± standard deviation) displayed by the subjects (n = 24) during the four test
conditions.

Although not statistically significant, a similar trend described for RF was noted for the
VL muscle (see Table 3.7). As these muscles act as ACL antagonists, an earlier onset
time of these muscles prior to IC would limit the time available for the hamstring
muscles to generate a posterior tibial drawer prior to the onset of the counteracting
quadriceps muscle force (Kain et al., 1988; see Section 2.6).

In addition, the M

condition resulted in a significantly shorter RF peak to IC time compared to the K
condition. As RF is a strong ACL antagonist, a closer synchrony of this muscle’s peak
activity with the onset of the high braking forces experienced at landing would also be
considered less protective to the ACL than a larger time window between these two
events (see Section 2.6).

Despite these significant changes to quadriceps muscle

activity, there were no significant main effects of test condition on any of the temporal
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hamstring muscle variables. That is, the subjects were not able to selectively recruit the
hamstring muscles during the landing task, as was requested in the M condition.
Instead, they altered their quadriceps muscle activity patterns. Based on these results
for the M condition it is evident that simply providing verbal instructions alone is
insufficient for skilled athletes to specifically alter the muscle activity they display
during dynamic landing.

It is therefore postulated that more extensive training is

required to be able to retrain and equip specific muscle groups to better protect the knee
from ACL injury during landing.

The means and standard deviations for the normalised muscle intensity data displayed
by the subjects during the landing trials for the four test conditions are summarised in
Table 3.8. The R, K and M condition data are reported as a percentage relative to the N
condition. There was no significant main effect of test condition on the BF normalised
intensity data, indicating that the subjects did not actively recruit their BF more
intensively during the M condition. However, there was a significant main effect of test
condition on the SM normalised intensity data whereby post-hoc analysis revealed the
subjects to display a significantly higher percentage of muscle activity during the M
condition compared to the K condition (see Table 3.9; see Figure 3.12). These results
would indicate that the subjects were able to successfully assimilate the M instruction in
terms of significantly increasing the intensity of their SM muscle activity relative to the
K instruction, although not relative to the N and R conditions.
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Table 3.8: Integrated muscle activity (mean ± standard deviation) displayed during landing by the subjects
(n = 24) during the four test conditions.

Variable
Integrated
Muscle Activity

Muscle

Normal

Test Condition
Knee Instruction

Repeat

Muscle Instruction

BF

100*

±

0

93

±

27

87

±

31

97

±

34

SM

100

±

0

100

±

18

96

±

19**

105

±

21

* all values given as a percentage of the Normal condition, with the Normal condition being 100%.
** Knee Instruction significantly different to Muscle Instruction (p = 0.045).

Table 3.9: F-ratios and alpha levels from the ANOVA and q values from Student-Newman-Keuls Tests for
the integrated muscle activity displayed during landing by the subjects (n = 24).

Variable

Muscle

F(3, 95)

p -value

Integrated
Muscle Activity

BF

1.951

0.129

SM

0.603

0.045*

R vs K

Test Condition Comparisons
N vs K
M vs K
M vs R

M vs N

p > 0.05
q = 3.266

p < 0.05**
q = 3.953

p > 0.05
q = 2.041

* indicates a significant main effect of test condition.
** indicates a significant between test condition comparison.

N vs R
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140

*
Integrated muscle activity (%)

120

100

80

60

40

20

0

N

R

K

BF muscle

M

N

R

K

M

SM muscle

N = Normal Landing
R = Repeat Landing
K = Knee Instruction
M = Muscle Instruction
* indicates a significant difference between the K and M conditions (p < 0.05).

Figure 3.12: Hamstring (biceps femoris, BF; semimembranosus, SM)
muscle intensity (mean ± standard deviation) as a percentage relative to
the normal (N) condition (repeat condition, R; knee instruction
condition, K; muscle instruction condition, M) displayed by the
subjects (n = 24) during landing.

Ultimately, the motor control capabilities of an individual will determine their ability to
alter movement technique and muscle activity parameters irrespective of verbal
instructions. However, the results from this study suggest that some of these parameters
are more easily adapted than others. That is, kinematic patterns governing movement
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technique appear easier to alter with verbal instructions than muscle activity. This may
be due to a clearer understanding of the motor processes required for performing the
action of increasing knee flexion during landing (see Section 2.7) following a simple
verbal instruction. A clearer mental image of what this would have looked like from
previous motor experiences may have aided in a better performance of the desired
landing technique. However, processing the verbal instruction to contract the hamstring
muscles earlier and more before landing may not have been comprehended sufficiently
to then generate the desire motor response. As there were changes in quadriceps muscle
activity for the M condition, this would suggest inappropriate recruitment of muscles for
the given verbal instruction, suggesting a failure in encoding the information from the
verbal instruction, or at the level of communication between the perceptual and motor
processes (see Figure 2.4).

Anecdotally, subjects knew how they were to modify their landing technique when you
gave them the K verbal instruction, as consciously varying the amount of knee flexion
was a familiar modification to landing for the A-grade netball players.

However,

subjects showed hesitation and expressed the difficulty they felt in adequately adhering
to the M verbal instruction.

Whereas subjects accurately knew that they had

successfully adhered to the K verbal instruction, due to their kinaesthetic awareness of
the landing limb, subjects did not display the same confidence that they had successfully
adopted the M verbal instruction, possibly due to a lesser awareness of their hamstring
muscle activity during dynamic landing.
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3.4

Summary & Conclusion

3.4.1

Summary of Results

Rupture of the ACL is common in sports that employ dynamic landing or abrupt
changes in direction. There is a great reliance on the lower limb musculature to stabilise
the knee joint during such activity so as to ensure that the structural integrity of the ACL
is maintained. Therefore, strategies that equip athletes to use their quadriceps and
hamstring muscles to better protect the knee from ACL injury would be extremely
useful. However, no research has previously examined whether athletes can change the
way they recruit their lower limb muscles to better protect the knee during dynamic
landing based on simple verbal instructions given prior to landing. Therefore, the
purpose of Study 1 was to examine whether simple verbal instructions given prior to
landing could allow athletes to alter their knee flexion or muscle recruitment strategies
during an abrupt landing task.

Twenty-four female healthy A-grade netball players (mean age = 21.9 ± 4.8 years), with
no history of knee joint injury or disease performed a deceleration task, whereby they
ran forward for three paces to leap and land on their dominant limb whilst catching a
chest-height pass. Ten trials were taken for each of the four test conditions: (i) normal
landing (N); (ii) repeat normal landing (R); (iii) landing following a knee angle
instruction (K); and (iv) landing following a muscle activity instruction (M). During
each trial the sagittal plane motion of the subject was recorded via infrared light
emitting diode markers and an optoelectric device. Ground reaction forces generated
during landing were measured using a force platform whilst muscle activity for rectus
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femoris (RF), vastus lateralis (VL), semimembranosus (SM), and biceps femoris (BF)
was recorded for each subject’s landing limb.

Ground reaction forces were analysed to obtain the magnitude of the peak vertical, peak
mediolateral, peak anteroposterior, and peak resultant ground reaction forces for each of
the four test conditions. Knee flexion angles displayed at the time of initial foot-ground
contact (IC) and at the time of the peak resultant ground reaction forces (peak F R ) were
also calculated for each condition. Temporal characteristics of the burst immediately
prior to IC were then calculated for each of the four muscles during each trial. The
integrated hamstring muscle activity was also calculated for each trial and normalised
relative to the N condition. The means of the dependent variables were then analysed
using a one-way repeated-measures ANOVA to determine whether there were any
significant difference in the subjects’ knee flexion angle or muscle activity during
landing as a result of either verbal instruction, and whether any changes influenced the
ground reaction forces.

In agreement with Hypothesis 1 (see Section 3.1.2), the K condition resulted in the
subjects displaying significantly greater knee flexion at the time of both IC and peak F R
compared to the other conditions. That is, subjects effectively assimilated the simple
verbal instruction to flex their knee more and displayed significantly increased knee
flexion during landings for this condition. It was concluded that simply asking athletes
to bend their knees more on landing (K condition) was somewhat effective in
potentially reducing ACL loading. This was achieved via increasing knee flexion to a
small extent and lowering the vertical, anteroposterior, and peak resultant ground
reaction forces generated during landing. However, as the absolute increase in knee
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flexion angle was only small, more intensive training methods other than simple verbal
instructions alone may be more profitable in ensuring greater knee flexion to better
reduce ACL loading during dynamic landing.

In contrast, Hypothesis 2 was not supported (see Section 3.1.2). That is, the subjects
were not able to assimilate the simple verbal instruction to activate their hamstring
muscles earlier or more prior to foot-ground contact during the landing task, compared
to the other conditions. In contrast, rather than recruiting their hamstring muscles
earlier, the subjects generated significantly earlier antagonist quadriceps muscle activity
in response to the M instruction. That is, they displayed a significantly earlier RF onset
time relative to initial foot-ground contact, with a similar trend for the VL muscle, and
more synchronous peak RF activity relative to IC time. Therefore, although asking
athletes to change their muscle activity at landing (M condition) was beneficial in
increasing knee flexion, this condition also resulted in significantly higher vertical
ground reaction forces and changes to the activity of the quadriceps muscles which, as
antagonists to the ACL, may be less protective of the ACL at landing

3.4.2

Conclusion

The results from this study suggested that subjects could respond appropriately to a
simple verbal instruction, such as to increase the amount of knee flexion during landing.
However, they were unable to respond appropriately to a more complex instruction
where they were required to selectively change the way they activated specific muscle
groups in an abrupt landing task. In fact, although instructed to alter hamstring muscle
activity in the M condition, subjects generated earlier onset times of the antagonistic
quadriceps muscles prior to landing, thereby possibly imposing a greater risk to the
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ACL during landing. It is postulated that to alter the activity of specific muscle groups
during dynamic landing to better protect the ACL from non-contact ACL injury,
subjects may require more specialised muscle activation training. Therefore, Study 2
was implemented to investigate whether skilled athletes can be specifically retrained to
alter the way they recruit their hamstring muscles during a dynamic landing task, so that
strategies to develop safer landing practices can be adopted in the future.
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Chapter 4
Study 2: Can muscle activation patterns be
retrained to alter landing technique?
4.1

Introduction

As the hamstring muscles act as synergists to the ACL, providing secondary restraint to
anterior tibial translation, these muscles play an important role in reducing stress to the
ACL and decreasing injury susceptibility. Kain et al. (1988) suggested that a muscle
recruitment pattern, whereby the hamstring muscles contracted prior to the quadriceps
muscles, offered optimal protection to the ACL (see Section 2.6).

The authors

postulated that this patterning allowed the hamstring muscles to generate a posterior
tibial drawer to counteract the later anterior tibial drawer of the quadriceps muscles.
The results from the first study of this thesis suggested that changing the sequencing of
hamstring muscle activity is challenging and cannot be achieved by simple verbal
instructions alone. However, as the sequencing of muscle activity is represented as a
motor program (see Section 2.8), it may be altered via repeated practice of a movement
pattern (Rozzi et al., 1999). That is, muscle recruitment patterns may be programmed
and, in effect, rewritten, with sufficient practice or training.

Research by Sinkjær & Arendt-Nielsen (1991) suggested that EMG biofeedback could
be used to modify or re-program lower limb muscle activation patterns to benefit knee
stability and functioning. Despite the widespread use of muscle retraining in clinical
settings (see Section 2.10.2), it is unknown whether biofeedback is effective in healthy
populations to retrain lower limb muscles to better protect the knee during dynamic
landing. Therefore, research is required to examine the efficacy of muscle retraining as
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a means of altering the recruitment patterns of the hamstring muscles to better protect
the ACL from injury.

4.1.1

Statement of the Problem

The purpose of the present study was to assess whether healthy skilled athletes could be
trained, using an incremental lower limb muscle EMG biofeedback program, to alter
their hamstring muscle activation patterns during the landing phase of a dynamic
deceleration task.

4.1.2

Research Hypotheses

Based on the previous literature (see Section 2.5-2.10), it was hypothesised that:
1)

The control subjects would not significantly alter their hamstring muscle
recruitment patterns throughout the duration of the study.

2)

After participating in the EMG biofeedback program, the experimental subjects
would be able to recruit their hamstring muscles earlier in preparation to land
than before participating in the program.

4.1.3

Assumptions

It was assumed that any variation in knee joint kinematics or lower limb muscle
activation patterns displayed by the subjects was due to the EMG biofeedback program
and not to some other extraneous variable.
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4.1.4 Limitations
In addition to the limitations and delimitations listed for Study 1 (see Sections 3.1.4 and
3.1.5), the following factors may have also limited the results of the present study:
1)

Where possible, subjects in the study were assigned to the control and
experimental groups randomly. However, as there was a much greater time
commitment required from the experimental subjects, random group allocation
was not always possible. Therefore, the sample of subjects in each group was
not truly random.

2)

Subjects within the experimental group had varying levels of motivation and,
although all subjects were verbally encouraged to “work hard” throughout each
training session, concentration and motivation levels may have varied between
individuals.

3)

Although experimental subjects were not encouraged to complete any additional
hamstring muscle training outside of the biofeedback training program, subjects
may have consciously thought about and practiced recruiting their hamstring
muscles earlier during regular netball training and games, or during other
locomotor tasks. This “extra” training may have influenced learning during the
biofeedback training program sessions.
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4.2

Materials & Methods

4.2.1

Subjects

Twenty-eight female A-grade netball players (mean age = 23.3 ± 7.0 years; height =
167.6 ± 6.6 cm; mass = 64.7 ± 10.9 kg) were selected as subjects in the study based on
the same subject selection criterion as Study 1 (see Section 3.2.1). These subjects were
divided into an experimental and a control group, consisting of 14 subjects per group.
Where possible, subjects were assigned to the groups randomly. However, due to the
time intensive nature of the training program required for experimental subjects, not all
subjects agreed to participate as experimental subjects and these subjects were therefore
assigned to the control group. The number of subjects recruited for the study was
determined by way of a power analysis (Bach & Sharpe, 1989) in order to achieve a
power of 80% to restrict the chance of a Type II error (Vincent, 1995).

Power

calculations were conducted using Jandel SigmaStat software (Version 2.03) with
input data pertaining to the hamstring muscle activity derived from Study 1. Subjects
were recruited from netball teams within New South Wales and from athletes in the
student population of the University of Wollongong who met the selection criteria.
Subjects were tested on two occasions with each testing session lasting approximately 3
hours.

After ethical clearance was granted for the study (see Appendix C), written informed
consent was obtained from the subjects before testing. To ensure each subject satisfied
the subject selection criteria, all recruits completed the same subject injury history
questionnaire that was used in Study 1 (see Appendix B). All testing was conducted
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according to the NH&MRC National statement on ethical conduct in research involving
humans (NH&MRC, 1992).

4.2.2

Data Collection and Analysis

The height, mass and limb dominance of the subjects were assessed using the same
equipment and test protocols as described for Study 1 (see Sections 3.2.2 and 3.2.3).
Collection and analysis of the ground reaction forces, knee flexion angles, and muscle
activation patterns for Study 2 involved the same protocols and equipment as were used
in Study 1 (see Sections 3.2.4, 3.2.5, 3.2.6, 3.2.8, 3.2.9, and 3.2.10). One variation to
the data analysis was that no attempt was made to estimate changes in the intensity of
muscle activity over the 6-week training period during Study 2, due to the inherent
errors that would arise when collecting EMG data in the two test sessions 6 weeks apart.
These errors would plausibly amount from minor deviations in electrode placement,
differences in skin preparation leading to varied electrical impedance, and deviating
conductivity of the EMG signal due to the use of different EMG receivers, caused from
an equipment failure (Clancy et al., 2002; Goodwin et al., 1999).

As there was a 6-week interval between test sessions it was important to ascertain
whether subjects were landing with consistent approach velocities for the two test
sessions (PRE and POST Training) and between subject groups (experimental and
control). Therefore, the mean linear velocity of the greater trochanter marker for 10
frames (200 Hz) proceeding IC was analysed during each trial to represent the approach
velocity of each subject. The mean data for each subject’s PRE and POST training
values for the experimental and control groups were then analysed using a repeatedmeasures ANOVA design with two factors (test sessions and subject group).

In
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addition, due to the 6-week interval between testing sessions and therefore the possible
change in body mass during this time which could influence the ground reaction forces
generated during the test landings, the subjects’ body mass was also analysed using the
same two-way repeated-measures ANOVA design. This analysis was to assess whether
there were any significant differences in subject body mass between the PRE and POST
training test sessions or between subject groups (experimental and control).

4.2.3 Experimental Protocol
Both the control and the experimental subjects performed the same experimental task as
was described in Study 1 (see Section 3.2.3). This task was performed for 10 trials for
each of two testing sessions, which were scheduled 6 weeks apart:
1)

Pre training (PRE); and

2)

Post training (POST).

Between these two testing sessions was a 6-week interval in which all subjects recorded
their daily physical activity in a log book, including their regular netball training and
match commitments (see Appendix D), to qualitatively ascertain the amount of training
that subjects were completing between the sessions.

During the 6-week interval

between testing sessions, the experimental subjects completed hamstring muscle
biofeedback training for three 30-minute sessions per week, staggered throughout the
week (for example; Monday, Wednesday, Friday) while the control subjects performed
PRE and POST landings with no intervention presented in the 6-week interval (see
Figure 4.1).
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Experimental
subjects:
PRE landing trials
(n = 14)

Muscle retraining
(6 weeks)

Experimental
subjects:
POST landing trials
(n = 14)

Control
subjects:
PRE landing trials
(n = 14)

No intervention
(6 weeks)

Control
subjects:
POST landing trials
(n = 14)

Figure 4.1: Experimental design for Study 2.

Before performing the two sets of landing trials (PRE and POST), subjects were
required to complete a warm-up consisting of 5 minutes cycling on a Monark (Varberg,
Sweden) wind-braked cycle ergometer at a workload of 50 to 100 watts, and stretching
of major upper and lower limb muscles. The purpose of this warm-up was to minimise
the potential for injury during the experimental protocol. A similar warm-up protocol
was employed in Study 1 (see Section 3.2.3). All testing and training was completed in
the Biomechanics Research Laboratory at the University of Wollongong to ensure a
consistent environment, including the same landing surface, for all sessions.

4.2.4

Biofeedback Training Program

The main aim of the training program was to alter or “rewrite” each subject’s motor
program which controlled their lower limb muscle recruitment during dynamic tasks
and was designed to elicit earlier activation of the subjects’ hamstring muscles with
respect to their quadriceps muscles and relative to the time of landing (see Section 2.9).
This rewriting or altering of the motor program can be represented by Andriacchi’s
reprogramming hypothesis (see Figure 2.3) such that the distress signal is replaced by
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the augmented feedback of the audio “beep” from the EMG biofeedback machine. It
was anticipated that by the end of the 6-week biofeedback training program relatively
permanent changes would have been made to the motor program. If this is achieved,
the subjects should no longer be reliant on the biofeedback signal to alter their muscle
activity during landing.

This incremental training program was designed in collaboration with an experienced
physiotherapist and biomechanist, following extensive pilot testing that was conducted
with the assistance of a Visiting Research Fellow and physiotherapist, who commonly
used biofeedback in clinical practice.

An outline of the training program undertaken by the experimental subjects is included
in Appendix E. Subjects were trained on an individual basis for all sessions throughout
all the weeks by the principal investigator to fastidiously ensure consistency in
executing the training program for all experimental subjects. This was a somewhat
laborious undertaking to schedule and conduct all training and test sessions, given the
busy schedules of the subjects, most of whom worked or studied full-time in addition to
their netball and other commitments. In addition, the staggered nature of the program,
with not all subjects at the same stage as one another, meant that testing and training of
experimental and control subjects had to be well orchestrated to ensure the time frames
between testing were consistent across all subjects.

A 6-week period was chosen for the biofeedback training program as previous jumptraining intervention programs and proprioceptive training programs that targeted ACL
injury prevention have successfully used a similar time frame and session duration
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(Caraffa et al., 1996; Hewett et al., 1996; Hewett et al., 1999).

Whilst some

biofeedback studies have obtained positive results from a shorter time period (Cook et
al., 1999; Davlin et al., 1999), these studies have only concentrated on static type
contractions with a minimal level of task difficulty compared to the dynamic landing
task being investigated in the current study. Therefore, a longer time period compared
to these studies was chosen for the present study.

During training, the subjects received biofeedback for the SM and BF muscles of their
test limb. These representative hamstring muscles were chosen for training as research
by Kain et al. (1988) suggested that earlier hamstring muscle recruitment, with respect
to the quadriceps muscles, was protective of the ACL (see Section 2.6). The two
hamstring muscles were trained alternatively during each series of exercises within a
session using a commercially available biofeedback device (EMG Retrainer,
Chattanooga, Tennessee, USA), which provided audio feedback to each subject, one
muscle at a time (see Section 2.10.5). Training sessions progressed from relatively
simple activities in which the subjects were trained how to activate their hamstring
muscles (such as in lying prone, seated, and standing), to more dynamic tasks (such as
stepping, walking, running, and leaping), with the end goal being replication of the
experimental task. The training aimed to maximise the transfer effect from one task to
another by providing many repetitions of each task, gradual increments between the
tasks, and revision of previously learned tasks before progressing to more difficult tasks
(see Section 2.9.3). The biofeedback training did not focus on quadriceps activation, as
previous research has suggested that subjects have difficulty concentrating on
contracting more than one muscle group at a time (Iles & Sharp, 1977; Koheil &
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Winter, 1979). The biofeedback device used in the study was also unable to provide
audio feedback for more than one muscle at a time.

The EMG Retrainer (see Figure 4.2 and 4.3) was chosen for use in the current study due
to its clear audible tone, its small size (8 x 9 cm) and light mass (mass = 0.28 kg;
thereby allowing it to be taped to the subjects during later stages of the training for
running and jumping without impeding natural movement), its battery operation (two
AA batteries; thereby ensuring easy use without needing to be connected to mains
power), its easy-to-use keypad operation, and its ability to store the settings for the
training program. The EMG Retrainer operates with a set bandwidth of 15-300 Hz and
uses custom electrodes that house the two active sensors for surface EMG detection and
a reference sensor. One limitation of this setup is the inability to locate the reference
sensor on an independent bony landmark (Basmajian & De Luca, 1985; see Figure 4.3).

Figure 4.2: EMG Retrainer and adaptor end attached to the BF electrode site.
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Reference Sensor
Active Sensors

Figure 4.3: EMG Retrainer and an illustration of the electrode adaptor end.

4.2.5

Electromyographic Preparation for Biofeedback Training

After confirming the SM and BF electrode placement sites following the same
procedures outlined in Table 3.1, these sites were marked with eye-brow pencil to
ensure correct electrode placement for each training session. After the first training
session, this site was then marked with henna dye* to ensure identical electrode
placement on subsequent training days. Pilot testing indicated that EMG preparation for
the EMG Retrainer during the training phase should not involve full EMG preparation
(as per testing; see Section 3.2.6), as the skin was too sensitive for frequent preparation
of this sort. Therefore, subjects were shaved weekly, and the area cleaned with water

*

The henna dye came in a powder, which then needed to be mixed with water and a few drops of clove oil
to make a dark coloured paste. This paste needed to stay on the subject for a few hours to dry and for the
colour to take effect. The dye was re-applied when the henna colour began to fade. This time varied
between subjects, but usually re-application was required fortnightly. This was a semi-permanent way to
stain the skin that would not have adverse effects on the subject. way to stain the skin that would not have
adverse effects on the subject.
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prior to the placement of the adhesive electrodes.

This practice was consistent

throughout all training sessions for all subjects.

4.2.6

Training Program Details

During the training program, isometric hamstring muscle contractions were performed
by the subjects when lying prone, seated and while standing for three knee flexion
angles (90°, 45°, and 15°; see Appendix E; see Figures 4.4 and 4.5). To determine the
threshold at which the feedback was provided, the experimental subjects completed a 3
s maximum voluntary contraction (MVC) with the test limb held in 15° of knee flexion
whilst lying prone for the first session of each week. This angle was chosen as subjects
commonly land when performing the deceleration task with a knee flexion angle of
approximately 10-15° (see Section 3.3.2). Threshold measures which dictated when the
auditory tone was to be emitted were based on varying percentages of this maximum
value, depending upon the stage of training (see Appendix E).

Figure 4.4: Training with 15° knee flexion, isometric contractions, prone position.
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Figure 4.5: Training with 90° knee flexion, isometric contractions, prone position.

The threshold of muscle contraction for the training program was initially set at 40% of
the isometric MVC measure, as the onset of muscle activity has been suggested, from
Study 1, to be approximately 40% of the isometric MVC amplitude. A similar level of
approximately 50% of the subjects’ MVC was also employed in a biofeedback study by
Davlin et al. (1999). Subjects were unable to mimic the amplitude of the dynamic
muscle contraction displayed during the landings of Study 1, as this amplitude was 4.35.5 times the recorded isometric MVC amplitude. Hence, to set this level of muscle
activity as a target would make initial levels of training impossible, as subjects
commenced their training with isometric type contractions. Interestingly, few studies
have reported the level of a MVC appropriate to act as a threshold to initiate
biofeedback training.

This may be due to poorly recorded methodology in these

previous studies, or the use of specific thresholds dependent on the EMG machine,
movement pattern or patient population being trained. For the current study, the level of
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contraction was incremented by 10% over the training phases as subjects improved in
performing the contractions and were able to reach this target level successfully.

Subjects also performed eccentric hamstring muscle contractions, against resistance
provided by the principal investigator, from the starting angles of 90°, 45°, and 15° to
full extension (see Figure 4.6). The time that contractions were sustained was varied
throughout these practice sessions to facilitate learning. The three knee angles were
chosen to add variability to practice sessions, and again to facilitate learning. The 90°
and 45° knee flexion angles proved to be easier for the subjects to activate their
hamstring muscles, due to the better mechanical advantage of the hamstring muscles in
these more flexed knee positions (see Section 2.4), whilst the 10-15° angle closely
replicated the knee angle displayed at IC during a typical landing task (see Section
3.3.2).

Figure 4.6: Subject performing an eccentric muscle contraction in the prone position.
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Once acquainted with how to contract their hamstring muscles using the biofeedback
device, the subjects were instructed to activate these muscles earlier before foot-ground
contact in a stepping motion (see Appendix E).

This earlier hamstring muscle

recruitment was practiced in more simple tasks, with the aim of this pattern being
translated to more difficult tasks (for example, landing from a jump; see Section 2.9.3).
In more dynamic tasks the feedback acted more as knowledge of results, as there was
insufficient processing time for subjects to make use of the auditory signal during the
specific trial (see Section 2.10.4).

4.2.7

Scheduling of Training

Due to the intense nature of the training (3 x 30 mins/week/subject) the study was
divided into two phases to enable the principal investigator sufficient time to be able to
personally schedule and train each subject individually. Therefore, 14 subjects (7
experimental and 7 control) completed the entire protocol of training and testing before
the remaining 14 subjects entered and completed the same protocol. Logistically, it was
difficult even with seven experimental subjects to coordinate their training amidst their
other weekly commitments. Initially 8-9 subjects were included per subject group to
allow for subject dropout due to injury or an inability to comply with the number of
training sessions. Subjects were somewhat intrinsically motivated to continue in the
study as they believed that the training program had the potential to benefit their muscle
recruitment patterns and diminish their risk of future ACL injury.
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4.2.8

Statistical Analysis

Means and standard deviations for the ground reaction forces, knee flexion angles and
muscle activation patterns for RF, VL, BF and SM were calculated using the same
variables as listed in Study 1 (see Section 3.2.10), except for the exclusion of IEMG
(see Section 4.2.2).

After confirming normality (Kolmogorov-Smirnov test with

Lilliefors’ correction) and equal variance (Levene Median test) for the data, the muscle
recruitment data, knee flexion data, and ground reaction force data were analysed using
a two-way repeated measures ANOVA with one between factor (subjects group: control
and experimental) and one within factor (time: PRE and POST training), where the
factor of time was repeated. The main purpose of this design was to ascertain if there
were any significant differences (p ≤ 0.05) in the variables, particularly hamstring
muscle recruitment relative to IC, as a consequence of the 6-week training program.
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4.3

Results & Discussion

4.3.1

Training Program Compliance

Subject compliance to the biofeedback training program was paramount and therefore
experimental subjects had to complete all of the 18 training sessions (3 times/week for 6
weeks) for their data to be included for analysis. Table 4.1 depicts the compliance of
the experimental subjects. Only three subjects dropped out of the study total (10%), due
to other time commitments that prevented them from completing the total number of
training sessions required. Subject dropout was anticipated due to the time intensive
nature of the study and therefore dropout was accounted for at the time of subject
recruitment (see Section 4.2.7).

Table 4.1: Subject compliance to the biofeedback training program sessions.
Experimental Subjects* Sessions Completed
(No.)
(No.)
14
1
1
1

18
15
9
6

* only data for those experimental subjects who completed the 18 training sessions were
included for data analysis.

Compliance of experimental subjects to the biofeedback training was very high,
possibly facilitated by subjects being given clear expectations of what was involved in
the study (total compliance of the 18 test sessions) at the time of subject recruitment.
One-to-one training also provided an atmosphere where attention could be focussed on
each subject individually so that they could be encouraged personally during the
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training sessions. This also meant that the biofeedback training program could be
strictly monitored, ensuring that all experimental subjects fulfilled the specifications
(repetitions and sets) of the program. Other studies have failed to monitor and report
subject compliance to training programs (see Section 2.9.1), and therefore betweenstudy comparisons of compliance is difficult.

Activity Log
All subjects completed an activity log (see Appendix D) outlining their daily exercise
participation for the 6-week period between the testing sessions. This log detailed the
type of exercise or activity performed, the duration of activity, and the relative intensity
(low/medium/high) of each exercise to assess whether the experimental subjects
participated in comparable physical activity outside the biofeedback training program to
the control subjects. This activity log, although simplistic, provided a good estimate of
how active subjects were during their participation in the study. Means for both the
experimental and control groups indicated that both groups reported completing 3-4
exercise sessions per week for the 6-week period (sessions per week: experimental
mean = 3.6 ± 1.5; control mean = 3.7 ± 0.9). These data indicated that all subjects were
physically active, and that the experimental and control subjects participated in
comparable levels of activity whilst participating in the study.

4.3.2

Characteristics of the Sample

Descriptive information pertaining to the 28 subjects (14 experimental; 14 control) who
participated in the study is depicted in Table 4.2.

116

Study 2: Hamstring muscle retraining and landing technique

Table 4.2: Height and mass (mean ± standard deviation) of the experimental (n
= 14) and control (n = 14) subjects PRE and POST training.
Variable

Height (m)
Body Mass (kg)

Experimental
PRE training

Experimental
Control
Control
POST training PRE training POST training

168.0 ± 5.6

168.1 ± 5.5

63.4 ± 9.5

63.6 ± 9.8

167.1 ± 7.6
66.0 ± 12.1

167.0 ± 7.6
65.7 ± 12.0

The mean age of the players was similar (experimental: 24.5 ± 8.5 years; control: 21.9 ±
4.9 years), as was their reported A-grade playing experience (experimental: 5.6 ± 2.5
years; control: 6.3 ± 1.8 years). To assess whether there were any significant changes in
subject body mass between the PRE and POST training test sessions or between subject
groups (experimental and control), the body mass data were analysed using a two-way
repeated-measures ANOVA (see Section 4.2.2). There was no significant main effect
of either subject group (p = 0.52) or test session (p = 0.95), and no significant subject
group x test sessions interaction (p = 0.32) on the mass data, implying that the subject
groups were similar, and that the biofeedback intervention had no significant effect on
body mass. Therefore, any changes in the ground reaction forces generated during the
test landings would not be expected to be due to mass changes in the subjects between
test sessions.

4.3.3 Approach Velocity Data
To assess whether subjects were generating similar approach velocities to the landing
task, the mean horizontal velocity of the greater trochanter marker for the test subjects
was analysed (see Section 4.2.2; see Table 4.3). There was no significant main effect of
subject group (p = 0.88), no significant main effect of test session (p = 0.41), and no
significant subject group x test session interaction (p = 0.59) on the approach velocity
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data, indicating that these skilled netball subjects displayed consistent horizontal
velocity during the approach to all landing trials irrespective of subject group or test
session.
Table 4.3: Horizontal approach velocities (mean ± standard deviation) displayed
by the experimental (n = 13) and control (n = 13) subjects for PRE and POST
training landing trials.
Variable

Experimental
PRE training*

Horizontal
approach
velocity (m/s)

3.6 ± 0.4

Experimental
POST training
3.6 ± 0.4

Control
PRE training

Control
POST training

3.7 ± 0.5

3.5 ± 0.5

* data for one subject from each group was excluded due to missing values.

4.3.4

Ground Reaction Force Data

The means and standard deviations for the ground reaction forces generated during
landing by the subjects PRE and POST training are presented in Table 4.4. The average
peak ground reaction forces generated by the subjects during landing are similar to
those presented in Study 1 (see Table 3.2). As both subject populations were A-grade
netball players, performing the same landing task, this finding was anticipated and
expected. How the ground reaction force data generated by subjects landing in the
present study compare to previous research is discussed in Section 3.3.1.

Subject Group Effects
No significant main effect of subject group was observed in the present study on any of
the ground reaction force variables generated at landing (see Table 4.5). Therefore,
experimental and control subject groups displayed similar ground reaction forces across
all landing trials.
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Test Group Effects
There was no significant main effect of test session on the mean peak FML or FAP values
obtained in the present study. That is, subjects generated consistent mean peak FML and
FAP values irrespective of the test session (PRE or POST training). However, there was
a significant main effect of test session on both the peak FV (PRE = 3.26 ± 0.05 BW,
POST = 3.44 ± 0.05 BW) and peak FR values (PRE = 3.53 ± 0.05 BW, POST = 3.73 ±
0.05 BW) when the means were pooled across subject groups, despite this being a
relatively low percentage change. However, there was no significant subject group x
test session interaction for peak FV and peak FR values (see Table 4.5), implying that the
biofeedback intervention was not responsible for this between-session change in the
forces generated during the dynamic landing trials.
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Table 4.4: Ground reaction forces (mean ± standard deviation) generated during landing
by the experimental (n=14) and control (n=14) subjects PRE and POST training.
Experimental
PRE Training POST Training

Control
PRE Training POST Training

Peak FR (N)

2531 ± 717

2314 ± 689

2145 ± 324

2176 ± 321

Peak FV (N)

2153 ± 676

2341 ± 645

1972 ± 299

1991 ± 279

Peak FAP (N)

1061 ± 328

1156 ± 398

996 ± 188

1021 ± 232

Peak FML (N)

141 ± 79

146 ± 77

117 ± 33

107 ± 39

Peak FR (BW)

3.69 ± 0.76

4.03 ± 0.77

3.36 ± 0.47

3.43 ± 0.54

Peak FV (BW)

3.43 ± 0.77

3.73 ± 0.71

3.09 ± 0.48

3.15 ± 0.53

Peak FAP (BW)

1.70 ± 0.39

1.82 ± 0.46

1.55 ± 0.22

1.59 ± 0.30

Peak FML (BW)

0.23 ± 0.12

0.24 ± 0.13

0.19 ± 0.06

0.17 ± 0.07

Variable

FV = vertical ground reaction force; FAP = anteroposterior ground reaction force;
FML = mediolateral ground reaction force; FR = resultant ground reaction force.
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Table 4.5: F-ratios and alpha levels derived for the ground reaction
forces generated by the experimental (n = 14) and control (n = 14)
subjects during landing.
Variable
Peak FR

Peak FV

Peak FAP

Peak FML

Source of Variation
E vs Cψ
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST

F(1, 55)

p-value

3.869
8.824
3.639
4.038
5.841
2.800
2.377
2.533
0.570
2.685
0.025
0.339

0.060
0.006*
0.068
0.055
0.023*
0.106
0.135
0.124
0.457
0.113
0.877
0.565

* indicates a significant main effect of test session.
ψ
E denotes experimental, C denotes control.

These results would suggest that all subjects generated higher peak FV and FR after the
6-week interval, compared to beforehand. This result was not anticipated as subjects
performed practice trials before both the PRE and POST landing trials, and therefore the
landing task and landing surface were not novel. In addition, subjects wore identical
testing equipment and received the same instructions regarding the test landings.
Subjects also displayed similar horizontal approach velocities for all trials (see Table
4.3). However, as peak FAP values did not significantly differ, it is speculated that
higher vertical approach velocities may be responsible for the higher peak FV and FR
values observed after the 6-week interval.
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4.3.5 Knee Flexion Data
Table 4.6 depicts the knee flexion angles displayed by the subjects during the PRE and
POST training landings at the times of IC and peak FR. The results are again similar to
those of Study 1 that employed the same subject selection criteria and the same landing
task. How the knee flexion angles displayed in the current study compare with those of
other studies is discussed in Section 3.3.2.

Subject Group Effects
A significant main effect was found for subject group on the knee flexion angles
displayed at IC whereby the experimental subjects displayed significantly greater knee
flexion (13° ± 1°) compared to the control subjects (8° ± 1°) when the data were pooled
across test sessions. However, there was no significant subject group x test session
interaction (see Table 4.7), implying that this between-subject group difference in knee
flexion was not due to the biofeedback intervention. The consistent increase in IC knee
flexion by the experimental subjects compared to the control group was not anticipated
as the subjects were of the same skill level.

However, although statistically significant

the absolute difference in the mean knee flexion angle between the experimental and
control group was only 5°. This change in knee flexion angle may not be clinically
significant, considering the error incurred due to skin marker movement when
measuring knee flexion (see Section 3.2.5). It is therefore possible that this difference
in knee flexion angle would not have greatly advantaged the experimental subjects to
use their hamstring muscles to provide a posterior tibial drawer force to assist the ACL
(see Section 2.4). Furthermore, there was no significant main effect of subject group on
knee flexion angle at the time of peak FR, suggesting that by the time at which the peak
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Table 4.6: Knee flexion angles (mean ± standard deviation) displayed during landing by the experimental
(n = 14) and control (n = 14) subjects PRE and POST training.

Variable
Knee angle at IC time (°)¥
Knee angle at peak FR time (°)§
¥
§

Experimental
PRE Training
POST Training
11 ± 4
21 ± 6

15 ± 6
24 ± 6

IC = intial contact time of the test foot with the force platform during landing.
FR = resultant ground reaction force.

Control
PRE Training POST Training
7 ± 3
17 ± 4

9 ± 4
20 ± 6

Study 2: Hamstring muscle retraining and landing technique

resultant ground reaction forces were applied to the subjects’ lower limbs there were no
significant between-subject group differences in knee flexion angle.

Table 4.7: F-ratios and alpha levels derived for the knee flexion
angles displayed by the experimental (n = 14) and control (n = 14)
subjects during landing.
Variable

Source of Variation

F(1, 55)

p-value

Knee flexion at IC (°)

E vs Cψ
PRE vs POST
E/C x PRE/POST

16.275
7.609
0.498

<0.001*
0.010**
0.487

Knee flexion at FR (°)

E vs C
PRE vs POST
E/C x PRE/POST

3.780
8.221
0.051

0.063
0.008**
0.823

* indicates a significant main effect of subject group.
** indicates a significant main effect of test condition.
ψ
E denotes experimental, C denotes control.

Test Group Effects
A significant main effect was found for test session on the knee flexion angles displayed
at IC whereby the values displayed by the subjects during PRE training represented a
smaller degree of knee flexion (9° ± 1°) compared to the POST training values (12° ±
1°) when the data were pooled across test group (see Table 4.7), albeit a small absolute
change in degrees. However, as previously mentioned, there was no significant subject
group x test session interaction, suggesting that this between-test session difference in
knee flexion was not due to the biofeedback intervention. When comparing PRE and
POST measures, the experimental group increased their knee flexion twice the amount
between sessions (4°) compared to the control group (2°). However, due to the small
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absolute increases in knee flexion angle, being of a similar magnitude to the estimated
error in calculating knee flexion angle from external skin markers (see Section 3.2.5),
these results should be considered with due caution as to their clinical significance.

A significant main effect was found for test session on the knee flexion angles displayed
at FR whereby subjects again displayed a smaller degree of knee flexion PRE training
(19° ± 1°) compared to POST training (22° ± 1°) when the data were pooled across test
group (see Table 4.7).

As there was no significant subject group x test session

interaction for knee flexion angle at peak FR time, this between-test session effect could
again not be attributed to the biofeedback intervention. That is, all subjects generated
significantly greater knee flexion at the time of the peak FR during POST training
compared to the PRE training testing. Similar to the IC results, this result was not
anticipated as the subjects completed the same landing task for PRE and POST test
sessions. However, albeit statistically significant, the increase in knee flexion between
PRE and POST sessions was again small (3°) and was within the estimated error for this
calculation.

Increasing subjects’ knee flexion during landing was not a specifically stated aim of the
biofeedback training program used in this study. However, increased knee flexion
during dynamic landing is advantageous to assist with better force dissipation
throughout the body and to provide a greater mechanical advantage to the hamstring
muscles, given a sufficient degree of knee flexion (see Section 2.4). As the changes in
knee flexion angle not POST training were very small, such increases in knee flexion
would not have greatly benefited the hamstring muscles in their role as secondary
restraints to anterior tibial translation (see Section 2.4). Furthermore, the lack of a
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subject group x test group interaction would suggest that the biofeedback training
program was ineffective in significantly altering knee flexion angle at either the times of
IC or peak FR. Therefore, the training program did not significantly aid in force
dissipation via increased knee flexion during landing, nor were the hamstring muscles
afforded a sizable mechanical advantage due to only small changes in knee flexion
angle across subject groups and test conditions. Whether training programs designed to
specifically elicit changes in knee flexion angle are more effective in increasing knee
flexion warrants further research attention in a study designed to focus specifically on
this objective.

4.3.6 Muscle Activation Pattern Analysis
The means and standard deviations for the muscle recruitment variables displayed
during landing by the subjects PRE and POST training are summarised in Table 4.8.
These data reflect similar sequencing of the hamstring and quadriceps muscles with
respect to landing as was observed in Study 1. How these muscle activation patterns
displayed during the current study compare with those of subjects examined in other
studies is discussed in Section 3.3.3.

Subject Group Effects
There was no significant main effect of subject group on any of the muscle variables
when the data were pooled across test sessions, with the exception of a main effect of
subject group on RF peak time relative to IC (see Figure 4.7). That is, the experimental
group reached peak RF activity closer to IC time (69 ± 6 ms) compared to the control
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group (89 ± 6 ms). As there was no significant subject group x test session interaction
for this variable (see Table 4.9), this between-subject group difference could not be
attributed to the influence of the biofeedback intervention.

This difference, however,

my be accounted for by the small differences in knee flexion angle between the
experimental (13° ± 1°) and control subjects (8° ± 1°) displayed at the time of IC (see
Section 4.3.5), whereby the RF may have peaked closer to IC in order to control for this
increased knee flexion.

Control
Experimental

*
0

20

40

60

80

100

Time (ms)

* indicates a significant difference between the control and experimental conditions.

Figure 4.7: Rectus femoris (RF) peak activity (mean ± standard deviation) relative
to initial contact (IC; 0 ms) for control (n = 14) and experimental (n = 14) subjects
displayed during landing.
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Table 4.8: Muscle recruitment variables (mean ± standard deviation) displayed during landing by the experimental
(n = 14) and control (n = 14) subjects PRE and POST training.

Variable

Muscle

Muscle burst duration (ms)

Experimental
PRE Training POST Training

Control
PRE Training
POST Training

RF
VL
BF
SM

455
477
404
321

±
±
±
±

144
160
106
67

505
530
408
376

±
±
±
±

124
126
79
107

430
440
388
327

±
±
±
±

111
69
107
103

475
472
373
310

±
±
±
±

87
96
81
81

Muscle burst onset time to IC (ms)

RF
VL
BF
SM

-88
-125
-189
-169

±
±
±
±

37
51
48
35

-130
-170
-205
-180

±
±
±
±

136
106
67
66

-77
-130
-187
-188

±
±
±
±

43
47
64
59

-84
-115
-193
-180

±
±
±
±

46
67
58
43

§

RF
VL
BF
SM

72
54
-21
-38

±
±
±
±

13
42
75
40

67
61
-36
-40

±
±
±
±

20
26
81
45

83
65
-38
-51

±
±
±
±

34
22
73
26

97
82
-42
-50

±
±
±
±

35
19
74
41

¥

IC to muscle burst peak time (ms)

¥
§

a negative value indicates that muscle burst onset occurred prior to IC time
a negative value indicates that peak muscle activity occurred prior to IC time.

Table 4.9: F-ratios and alpha levels derived for the muscle recruitment variables
displayed by the experimental (n = 14) and control (n = 14) subjects during landing
(continued on next page).
Variable
Muscle burst duration (ms)

Muscle
RF

VL

SM

BF

Muscle burst onset time to IC (ms)

RF

VL

SM

BF

Source of Variation
E vs Cψ
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST

F (1, 55)

p-value

0.520
3.987
0.014
1.626
3.062
0.171
1.145
0.910
3.971
0.723
0.075
0.213
1.281
2.487
1.281
1.527
0.752
3.008
0.326
0.008
0.877
0.125
0.854
0.153

0.477
0.056
0.906
0.214
0.092
0.682
0.294
0.349
0.057
0.403
0.787
0.648
0.268
0.127
0.268
0.228
0.394
0.095
0.573
0.928
0.358
0.727
0.364
0.699

Table 4.9: F-ratios and alpha levels derived for the muscle recruitment variables
displayed by the experimental (n = 14) and control (n = 14) subjects during landing
(continued on next page).
Variable
Muscle burst duration (ms)

Muscle
RF

VL

SM

BF

Muscle burst onset time to IC (ms)

RF

VL

SM

BF

Source of Variation
E vs Cψ
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST
E vs C
PRE vs POST
E/C x PRE/POST

F (1, 55)

p-value

0.520
3.987
0.014
1.626
3.062
0.171
1.145
0.910
3.971
0.723
0.075
0.213
1.281
2.487
1.281
1.527
0.752
3.008
0.326
0.008
0.877
0.125
0.854
0.153

0.477
0.056
0.906
0.214
0.092
0.682
0.294
0.349
0.057
0.403
0.787
0.648
0.268
0.127
0.268
0.228
0.394
0.095
0.573
0.928
0.358
0.727
0.364
0.699
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Test Session Effects
There was no significant main effect of test session on any of the muscle variables (see
Table 4.9). However, despite the lack of significant main effects there were some
notable trends worth discussing, given that the aim of the biofeedback training was to
modify hamstring muscle activation patterns. For example, there was a trend for a main
effect of test session on quadriceps muscle burst duration (p = 0.056; see Table 4.9).
That is, the subjects tended to display a longer RF and VL burst duration when
comparing the POST to PRE test session values.

This trend was not altogether

anticipated as, for the experimental subjects at least, their biofeedback training was
specific to the hamstring muscle group, and not the quadriceps muscles.

However, these changes in quadriceps muscle activity may have been occurring
concurrently during the biofeedback training sessions to mirror changes taking place in
the hamstring muscles (for example, mirroring an earlier onset of the hamstring muscles
which was indicated by the EMG Retrainer). As the quadriceps muscles were not
monitored during the biofeedback training, these muscles may have also been
undergoing adaptation and in so doing, possibly negating the benefits of the hamstring
muscle training.

Although there was no significant subject group x test session interaction for muscle
burst durations, there was a strong trend for a subject group x test session interaction for
SM muscle burst duration (p = 0.057; see Table 4.9). That is, the experimental subjects
tended to increase their SM burst duration POST training compared to PRE training,
whereas SM burst duration decreased after 6 weeks (POST) for the control group, when
compared to the PRE value (see Figure 4.8).
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375
Time (ms)

365
355
Experimental
Control

345
335
325
315
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0

⁄⁄
PRE
Pre

POST
Post

Test Condition
Figure 4.8: Semimembranosus burst duration for the experimental (n =
14) and control (n = 14) subjects during PRE and POST training
landings.

Although this was not the explicit aim of the hamstring muscle training, which actually
encouraged earlier activation of the hamstring muscles relative to IC, it may have been a
positive by-product of the training if the offset times remained constant. That is, a
longer hamstring muscle burst duration may have provided an increased time over
which a posterior tibial drawer force was offered during landing (see Section 2.6). As
the statistical power of this finding was low (37%), further investigation is required to
ascertain the effects of hamstring muscle training on SM burst duration.

There was no significant subject group x test session interaction for the muscle onset
times relative to IC. However, there was a strong trend for a subject group x test
session interaction for the VL onset to IC time (p = 0.095; see Table 4.9). That is, the
experimental group VL onset was earlier relative to IC when comparing the POST to
PRE values, as opposed to a later onset after 6 weeks of no training for the control
group when comparing POST to PRE values. Therefore, although not significant, the
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muscle training did tend to elicit earlier VL onset before IC in some subjects (see Figure

Time (ms)

4.9).

-110
-120
-130
-140

Experimental
Control

-150
-160
-170
⁄⁄
-180
0
Pre
PRE

Post
POST
Test Condition

Figure 4.9: Vastus lateralis onset time relative to initial contact for the experimental
(n = 14) and control (n = 14) subjects during PRE and POST training landings.

The trend for earlier quadriceps onset may not be positive in terms of ACL injury
prevention, assuming that muscle intensities are consistent. That is, Kain et al. (1988)
suggested that earlier onset of the hamstring muscles with respect to the quadriceps
muscles, prior to IC, allowed more time for the hamstring muscles to generate a
posterior tibial drawer before the onset of the antagonistic (quadriceps) muscles. A
trend for earlier quadriceps onset without a concurrent change in hamstring muscle
onset, as apparent in the experimental subjects, decreased the time for the hamstring
muscles to generate the posterior tibial drawer force before the onset of the opposing
quadriceps muscles (see Section 2.6). However, as the statistical power of this analysis
was low (26%) this result should be interpreted with caution and warrants further
investigation. Furthermore, there were also sizable standard deviations noted for the
quadriceps muscle variables POST training for the experimental subjects, suggesting a
high between-subject variability with respect to how these muscles were activated
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following the biofeedback intervention. Further research is therefore recommended to
provide more insight into the cause of this variability in each individual subject’s
responses to the biofeedback intervention.

There was no significant subject group x test session interaction for the muscle onset
times relative to IC, including SM and BF onset relative to IC.

Although the

experimental subjects did activate these muscles earlier in the POST compared to the
PRE testing sessions (see Figure 4.10), the increase in the BF and SM muscle onset
times were only approximately 15 ms and 10 ms, respectively, and not statistically
significant. Therefore, the biofeedback training program was unsuccessful in assisting
subjects to selectively activate their hamstring muscles earlier before IC.

SM

BF

VL

RF

-300

-250

-200

-150

-100

-50

POST
PRE
POST
PRE
POST
PRE
POST
PRE

0

Time (ms) before initial contact (IC; 0 ms)
Figure 4.10: Hamstring (biceps femoris, BF; semimembranosus, SM) and
quadriceps (rectus femoris, RF; vastus lateralis, VL) muscle onsets relative to IC
(PRE vs POST; mean ± standard deviation) for the experimental (n = 14)
subjects.
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There was no subject group x test session interaction for the timing of the peak muscle
activity relative to IC. However, there was a strong trend for a subject group x test
session interaction for timing of the RF peak activity relative to IC (p = 0.052; see Table
4.9; see Figure 4.11). This finding suggests that the experimental subjects tended to
decrease the time interval between IC and RF peak intensity after the 6-week muscle
training, whereas the control group increased the IC to RF peak time after 6 weeks of no
intervention. That is, the muscle training tended to cause the experimental subjects’ RF
muscles to peak in intensity earlier after IC relative to before training. This earlier RF
peaking after IC for the experimental group during the POST landings may be necessary
to eccentrically control the greater knee flexion, which was evident at both the times of
IC and peak FR for these landings (see Section 4.3.5). However, as the statistical power
for this analysis was low (39%) these results need to be interpreted with caution and
warrant further investigation.

100

Time (ms)

95
90
85

Experimental
Control

80
75
70
65
0

⁄⁄
PRE
Pre

POST
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Test Condition
Figure 4.11: Initial contact to rectus femoris peak time for the experimental (n =
14) and control (n = 14) subjects during PRE and POST training landings.
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Results from the first study of the thesis suggested that when subjects were simply
asked, without training, to activate their hamstring muscles earlier before landing, they
were unable to selectively recruit the muscles specified (see Section 3.3.3). The results
from the current study suggest that, despite a concerted effort to display earlier
hamstring muscle activity following intensive training, the experimental subjects were
still not able to selectively recruit their hamstring muscles as requested during the
landing phase of this dynamic task. Instead, these subjects, like those in Study 1,
produced significant changes in their quadriceps muscle activity (See Section 2.6).

Biofeedback Training Limitations
One limitation of the biofeedback training implemented in the current study was the
inability to provide audio feedback to the subjects for more than one muscle at a time
(for example, biofeedback could only be provided for either a hamstring or a quadriceps
muscle). This limitation was imposed by the feedback device itself, which was only
able to produce audio feedback from one muscle at a time. However, researchers have
also suggested that subjects have difficulty in trying to coordinate more than one muscle
group simultaneously (Koheil & Winter, 1979; see Section 2.9). That is, given two
different pitched audio tones for two muscles, subjects have found it difficult to
discriminate between the tones and associate them with the correct muscle.

The

dynamic nature of the landing task examined in the present study, which closely
simulated a netball landing, also meant that only audio feedback was feasible as subjects
could not simultaneously attend to both visual feedback and catching a ball upon
landing. In tasks that do not demand visual concentration, visual feedback of two
muscles may be more applicable.
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Anecdotally, some subjects reported that although they thought they were achieving the
desired muscle recruitment patterns whilst wearing the EMG Retrainer, they had
difficulty producing the muscle sequencing that they had learnt in training when the
biofeedback device’s audio “beep” was absent during POST testing. These comments
may indicate that the subjects had developed a reliance on the audio feedback to achieve
the desired hamstring muscle patterning. That is, relatively permanent changes in the
motor program were not achieved (see Section 4.2.4).

There has been limited application of biofeedback training in healthy populations and a
general lack of research as to the optimal duration of programs, the frequency and
durations of sessions, and other such methodological issues upon which to design
biofeedback training programs (Gonnella et al., 1978). Therefore, given the ingrained
nature of the motor patterns used to land by the A-grade subjects, it is possible that a
longer and more intense training period may have been necessary to induce the desired
changes in their motor programs. The biofeedback literature provided no specificity as
to the optimal rate and timing of progression through a biofeedback training program
(see Section 2.9). Therefore, despite the training tasks being progressed in difficulty
over the 6-week period to enhance the transfer of learning from task to task, it is
unknown whether this was the best way to progress the present subjects. In short,
biofeedback may still be an appropriate tool to re-train lower limb muscles to best
protect the ACL from injury. However, the exact composition of such training requires
further research attention so that the most optimal training parameters may be
delineated. Alternatively, it is possible that skilled players who are uninjured have
developed optimal muscle recruitment patterns which are already protective of the ACL
and, as such, resistant to change despite biofeedback training.
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4.4

Summary & Conclusion

4.4.1

Summary of Results

The results of Study 1 suggested that subjects were able to effectively assimilate verbal
instructions to increase knee flexion angle during dynamic landing. However, subjects
were not able to adhere to the verbal instruction requesting them to activate their
hamstring muscles earlier and more intensely prior to foot-ground contact during the
landing task. In contrast, subjects recruited the antagonist muscle group, the quadriceps
muscles, earlier before landing, possibly to the detriment of the ACL. Based on the
results of Study 1 it was postulated that specialised muscle activation training may be
required to alter the activity of specific muscle groups during dynamic landing.
Therefore, the purpose of the Study 2 was to assess whether skilled athletes could be
trained, using an incremental lower limb muscle EMG biofeedback program, to alter the
way they recruit their hamstring muscles during the landing phase of a dynamic
deceleration task.

Twenty-eight skilled netball players, selected using the same criteria as Study 1,
performed 10 trials of the landing task described for Study 1 for two testing sessions: (i)
Pre training (PRE); (ii) Post training (POST). Between these testing sessions was a 6week interval, during which time 14 experimental subjects completed a biofeedback
muscle training program. The control group (n = 14) performed the PRE and POST
landings with no intervention presented in the 6-week interval.

The biofeedback training program involved subjects completing three 30-minute
training sessions per week on their dominant limb, with each session consisting of
isometric and dynamic hamstring muscle contractions with audio biofeedback, the
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activities gradually incremented in difficulty over the 6-week period. The main aim of
this training program was to alter each subject’s motor program which controlled their
lower limb muscle recruitment during dynamic tasks and was designed to elicit an
earlier activation of the subjects’ hamstring muscles before landing. During the PRE
and POST landing sessions ground reaction force, knee flexion angle and muscle
activity data were collected and analysed following the same methods described for
Study 1. For statistical analysis, the means of the dependent variables were analysed
using a two-way repeated-measures ANOVA design to determine the effect of the 6week muscle retraining program on the forces, knee flexion angles, and muscle activity
displayed during the dynamic landing task.

Results for the ground reaction forces generated during landing suggested that there was
no significant main effect of subject group on any of the force variables, implying that
subjects generated consistent forces when landing irrespective of their subject group.
There was also no significant main effect of test session on the mean peak FML or FAP
values, although there was a significant main effect of test session on both the peak FV
and peak FR values.

However, as there was no significant subject group x test session

interaction for these variables, it was suggested that the biofeedback intervention did not
significantly alter the forces generated by the subjects during the dynamic landing trials.

A significant main effect was found for subject group on the knee flexion angles
displayed at IC whereby the experimental subjects displayed significantly greater knee
flexion compared to the control subjects when the data were pooled across test sessions.
A significant main effect was also found for test session on the knee flexion angles
displayed at both IC and at the time of peak FR whereby the PRE training knee flexion
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values were significantly less than the POST training knee flexion values when the data
were pooled across test group. However, there were no significant subject group x test
session interactions, implying that these differences in knee flexion were not due to the
biofeedback intervention.

There was no significant main effect of subject group on any of the muscle recruitment
variables when the data were pooled across test sessions, with the exception of a
significant main effect of subject group on RF peak time relative to IC. That is, the
experimental group displayed peak RF activity closer relative to IC time compared to
the control group. However, as there was no significant subject group x test session
interaction for this variable, this between-subject group difference could not be
attributed to the influence of the biofeedback intervention. Furthermore, there was no
significant main effect of test session on any of the muscle recruitment variables.
Therefore, in agreement with Hypothesis 1 (see Section 4.1.2), the control subjects did
not significantly alter their hamstring muscle recruitment patterns throughout the
duration of the study. However, in disagreement with Hypothesis 2 (see Section 4.1.2),
after participating in the biofeedback program, the experimental subjects were not able
to recruit their hamstring muscles significantly earlier in preparation to land than prior
to the program.

Despite the lack of significant subject group x test session interactions, there was a
positive, albeit non-significant, trend for the experimental subjects to activate their
hamstring muscles earlier relative to IC when comparing the POST to PRE training
values. However, these trends were accompanied by a trend for earlier onset of the
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quadriceps muscles relative to IC, which may negate any benefits in the earlier
hamstring muscle recruitment.

4.4.2

Conclusion

The aim of the study was to determine whether skilled athletes could be trained, using a
6-week incremental hamstring muscle EMG biofeedback program, to successfully
change their hamstring muscle synchrony during landing. However, the biofeedback
program was deemed unsuccessful in achieving this aim of training earlier hamstring
muscle recruitment as the athletes could not selectively recruit their hamstring muscles
earlier before landing following the biofeedback program. It is postulated that more
intensive and comprehensive training that monitors both quadriceps and hamstring
muscle activity during training may be more effective in altering muscle synchrony to
better protect the ACL during landing.

However, the exact composition of this

biofeedback training requires further research attention.
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Chapter 5
Study 3: Do group mean data reflect individual
muscle recruitment patterns?
5.1

Introduction

Commonly, group mean data is used to assess how a group of individuals
(experimental subjects) have responded to an intervention, as compared to a control
group. Although useful in terms of identifying generalisations pertaining to group
responses, analysis of group means can actually mask how individuals are responding
to the intervention.

Bates (1996) insightfully reviewed group and single-subject

statistical designs, and suggested that single-subject designs can be beneficial in
identifying different neuromuscular strategies used by individuals to perform the same
motor task. He also commented on individuals being unique and therefore not always
uniform in the way they execute a movement, thereby questioning the appropriateness
of mean statistics in analysing many human movement tasks.

As early as 1979, Bates and co-workers questioned the use of group mean data when
they identified different performance characteristics in a group of five elite runners
that were masked by descriptive group analysis. That is, the mean data used to
represent the average runner in the group failed to resemble any of the individual
runners in the group (Bates et al., 1979). Whilst group mean analysis provides the
opportunity to generalise the results to a similar population, if individuals in the group
are using a variety of strategies to achieve the same motor task, either the group mean
analysis may not pick up on these individual strategies or alternatively, may
inappropriately generalise the mean results to another group containing individuals
who display yet another range of strategies altogether. Therefore, in the case of
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biofeedback interventions, analysing both the group and individual data may be
necessary to delineate which individual strategies are being used, as well as how the
group responds as a whole to the intervention. By conducting both analyses, results
will not be inappropriately generalised to a similar population, and individual
strategies, if present, will be appropriately identified (Bates, 1996).

The results from Study 2, based on group statistical data, indicated that there was no
significant main effect of the biofeedback training program on the hamstring muscle
recruitment patterns displayed by the experimental subjects after the 6-week program.
Although this result could be interpreted to imply that the training program was
unsuccessful in achieving it goals, it is speculated that the use of group data statistics
may have masked individual responses to such a program and, in turn, concealed
important information pertaining to the effectiveness of individualised training
programs. As individuals are unique, it is postulated that a single-subject design may
be more appropriate to determine which individual neuromuscular strategies were
being selected to perform the motor task of landing from a jump.

5.1.1

Statement of the Problem

The purpose of Study 3 was to determine whether the mean muscle recruitment data
derived during the landing task for the group of individuals in Study 2, following a
standardised biofeedback training program, reflected the quadriceps-hamstrings
muscle recruitment strategies displayed by the individual subjects.

143

Study 3: Group mean data and individual muscle recruitment patterns

5.1.2

Research Hypothesis

It was hypothesised that the group mean muscle recruitment data derived for the
subjects in Study 2 would not reflect the range of differing hamstring muscle
recruitments patterns the subjects displayed in response to the biofeedback training, as
detected by single-subject analysis.

5.1.3

Assumptions

It was assumed that, any changes in hamstring muscle recruitment between
individuals would reflect their individual responses to the biofeedback training
program, and would not be caused by any other extraneous variables.

5.1.4 Limitations
Results from Study 3 may be limited by the fact that only 14 subjects were used for
the single-subject analysis, and therefore with larger numbers of subjects, different
results may be found.

5.1.5 Delimitations
Results from Study 3 may have been delimited by the fact that, as all the subjects
were A-grade skilled female netball players, results may not be applicable to other
populations (for example, ACL deficient subjects, males, or less skilled players) or
other sporting activities.

5.2

Materials & Methods

As this was an a priori analysis of the data from Study 2, the original methods used to
collect and analyse these data have been described previously in Section 4.2. For this
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single-subject design, muscle recruitment variables derived for the 10 PRE landing
trials for each experimental subject was compared to their 10 POST landing trials
using paired t-tests. This single-subject design was conducted to ascertain if any of
the individuals displayed significantly (p ≤ 0.05) different muscle recruitment
strategies as a result of participating in the biofeedback training; changes that were
undetected when analysing the group means in Study 2.

As the biofeedback training program implemented in Study 2 aimed to promote
earlier hamstring muscle activity, the single-subject design specifically focussed on
comparing the temporal muscle recruitment variables displayed by the individuals
PRE and POST landing, and included:
1)

muscle burst duration (ms);

2)

time of muscle burst onset relative to IC time (ON-IC; ms); and

3)

time of muscle burst onset relative to muscle burst peak time (ON-Peak; ms).

Whilst it would have been interesting to compare biomechanical characteristics of
“responders” (individuals who successfully changed their hamstring muscle activation
due to the biofeedback training) to “non-responders” (individuals who did not
successfully change their hamstring muscle activation due to the biofeedback
training), subject numbers were too small to permit such analysis.

5.3

Results & Discussion

The individual temporal muscle recruitment mean data for the 14 experimental
subjects obtained before and after they participated in the biofeedback training
program is presented in Figures 5.1-5.4. Table 5.1 depicts the significant differences
identified between the PRE and POST training data for each muscle recruitment
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variable across the 14 experimental subjects. The aim of the biofeedback training
program (Study 2) was to assess whether healthy skilled athletes could be trained,
using an incremental lower limb muscle EMG biofeedback program, to elicit earlier
activation of their hamstring muscles during the landing phase of a dynamic
deceleration task (see Section 4.2.4). Although some subjects displayed significant
between-session differences in the hamstring muscle onset to IC time (BF ON-IC:
Subjects A,C,D,G,L,M; SM ON-IC: Subjects A,C,D,G), only one (G) of the 14
subjects was able to successfully display earlier hamstring muscle activity in both BF
and SM as a result of the biofeedback training.

Inspection of the data displayed in Figures 5.1-5.4 revealed that individual players
adopted very different changes in their muscle recruitment strategies following
participation in the biofeedback training program, despite the identical training. In
summary, ten subjects displayed significant differences in their quadriceps and
hamstring muscle groups after the training, whereas three subjects displayed
significant differences in their quadriceps muscles alone. In addition, one subject had
no significant differences in quadriceps or hamstring muscle groups as a result of the
training. These results would suggest that, in agreement with the research hypothesis,
data analysis of the experimental group means did not reflect the range of individual
changes in muscle recruitment patterns of the lower limbs that resulted from the
biofeedback training program. However, as only one subject was able to successfully
display earlier hamstring muscle activity in both BF and SM as a result of the
biofeedback training, these single-subject design results reinforce the findings of
Study 2 that the biofeedback intervention yielded limited success.
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Figure 5.1: Rectus femoris muscle activity (onset, peak (I) and offset
times) PRE and POST training for the experimental subjects (n = 14).
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Figure 5.2: Vastus lateralis muscle activity (onset, peak (I) and offset
times) PRE and POST training for the experimental subjects (n = 14).
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times) PRE and POST training for the experimental subjects (n = 14).
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Table 5.1: Significant between-session differences in the muscle recruitment variables for the experimental subjects (n = 14).
Muscle Variable
RF
RF
RF
VL
VL
VL
BF
BF
BF
SM
SM
Subject Duration ON-IC ON-Peak Duration ON-IC ON-Peak Duration ON-IC ON-Peak Duration ON-IC
A
B
C
D
E
F
G
H
I
J
K
L
M
N

*
*
*
*

*

*

*

*
*
*

*
*
*

*
*
*
*
*
*

*
*

*

*

*
*
*
*
*

*

*

*
*

*
*

*

*

*

*
*

*
*

*

*
missing

*
missing

*

*

*
*
* indicates a significant between-session difference (p < 0.05) for an individual subject.

*

*
*

*

*
*

*

SM
ON-Peak

*

*
missing
*

*
*
*
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Why did the biofeedback training program lead to significant between-session
changes in some subjects’ muscle recruitment patterns yet not for other subjects? It is
postulated that those subjects who did not significantly change their hamstring muscle
patterns as a result of the biofeedback training may have not been able to acquire the
skill of selectively activating their hamstring muscles at a different point in time
relative to IC during landing. This may simply be due to the difficulty of achieving
such adaptations in a highly dynamic and well-practised task. That is, the motor
program may not have been able to be permanently modified throughout the course of
the training for these subjects (see Section 2.8).

The fact that some subjects

significantly changed their hamstring muscle ON-IC time when comparing their PRE
and POST test landings may speculatively suggest that changes in the motor program
may have occurred for these subjects (see Section 2.8). As the significant changes
were seen in both directions, that is, significantly shortening and lengthening of the
ON-IC time when comparing the POST to PRE test results, this would indicate that
individuals did not respond uniformly to the biofeedback training.

Alternatively, some subjects may have been able to modify their muscle recruitment
patterns in the short term whilst the audio stimulus “beep”, provided by the EMG
Retrainer, was present during training.

However, these subjects may have then

reverted to well-known PRE landing trial muscle recruitment patterns during the
POST testing when this “beep” was absent. That is, transfer of muscle recruitment
changes from the biofeedback training to the POST training landings did not occur for
these subjects (see Section 2.9.3 and 2.10.7), nor were there permanent changes in the
motor program. Future study designs may be able to combat this problem by phasing
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out the audio “beep” feedback in the latter stages of the training program so that the
subjects do not become reliant on the feedback.

Conversely, some subjects may already possess motor patterns which for them, as
individuals, best protect their ACL from injury during landing. Therefore, these
subjects may have routinely self-selected the most efficient motor program for the
PRE and POST test landings, irrespective of what the biofeedback training had sought
to train them.

Schwartz (1987) conceded that it is unknown what the ‘correct’

sequence of muscle activity may be for a desired movement and individual.
Similarly, Wooten et al. (1990) suggested that healthy subjects may use more than
one strategy of muscle coordination when performing a specific motor task (see
Section 2.10.7).

Therefore, the training may have been redundant for those

individuals who already landed as safely as possible.

Furthermore, whilst this thesis has postulated that increasing the hamstring muscle
ON-IC time may be more protective to players (see Section 2.6), by allowing more
time for the hamstring muscles to generate a posterior tibial drawer before the onset of
the antagonistic quadriceps muscles, further research examining the actual loads and
strain on the ACL during dynamic landing with differing hamstring muscle ON-IC
times may elucidate whether lengthening this time is actually most protective to
individuals. Subjects may naturally self-select the best recruitment pattern to protect
against injury, and only injure themselves when this patterning is disturbed, as in the
case of fatigue or last minute perturbations during the landing manoeuvre (see Section
2.2.2). Therefore, injury prevention training that may best equip healthy subjects to
not get injured during dynamic landing may include replicating landings where such
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disturbances to the muscle recruitment patterns may occur, and practising these in
training.

What is clear from this a priori analysis of Study 3 is that subjects displayed different
muscle recruitment patterns following uniform biofeedback training, patterns that
were not observed when examining the group mean data, as was described in Study 2.
Therefore, in addition to analysing the group means, it is recommended that singlesubject analyses are paramount to detect how individuals respond to biofeedback
training. Whilst group data provides a generalised notion of the effects of a training
program, the use of group mean data in isolation may lead to gross misrepresentation
of how subjects have in fact responded to a training program. Whether biofeedback
programs also need to be tailored more to the individual, rather than being designed as
uniform across all subjects, also requires further research.

Clearly, further

investigation is required to better understand the muscle recruitment patterns of
individuals during dynamic landing, and how to diminish their risk of ACL rupture.

5.4

Summary & Conclusion

The a priori analysis of the muscle recruitment data displayed by the experimental
subjects who participated in the hamstring muscle biofeedback training program of
Study 2 indicated that individuals do not display uniform muscle recruitment
adaptations following standardised biofeedback training.

Therefore, group mean

muscle recruitment data should be interpreted carefully as it does not reflect the range
of differing muscle recruitment patterns that individuals display following
biofeedback training, as detected by single-subject analysis.

154

Synopsis

Chapter 6
Synopsis & Recommendations for Future
Research
6.1

Synopsis

The knee joint has a high injury susceptibility due to its inherently unstable structural
design and its highly stressful functional role during dynamic activities such as landing.
One of the most vulnerable structures within the knee joint is the ACL, which has an
important role in preventing anterior tibial translation relative to the femur. Rupture of
the ACL is a frequent and debilitating injury in many of the popular Australian
participation sports that involve dynamic landings. Structural integrity of the ACL
during these landing tasks relies upon proper coordination of the lower limb muscles,
especially the hamstring and quadriceps muscle groups. Therefore, proper recruitment
strategies of these muscles, combined with correct knee flexion, are crucial to enable the
knee to withstand the high forces experienced during dynamic landing, and thereby
reduce ACL injury susceptibility.

Limited attention has focussed on injury prevention strategies that may effectively
reduce the high incidence of ACL rupture. Whilst simple verbal instructions have been
employed to alter knee joint kinematics during drop jump landings, the efficacy of
simple verbal instructions to change knee joint landing kinematics or lower limb muscle
synchrony had not been investigated in highly dynamic landings where ACL ruptures
are most prevalent.

Furthermore, although authors have suggested that certain

hamstring-quadriceps muscle recruitment patterns may be more protective to the ACL,
whether this muscle patterning could be induced or trained in athletes had not been
investigated. Therefore, the purpose of this thesis was to investigate whether healthy
155

Synopsis

skilled athletes could be taught to alter their hamstring muscle recruitment patterns and
knee joint flexion displayed during a dynamic deceleration task. To achieve this aim
Study 1 examined whether simply asking skilled athletes, before they performed a
dynamic landing task, was sufficient to enable these athletes to increase their knee
flexion or to recruit their hamstring muscles earlier and more intensely.

The simple verbal instruction to increase knee flexion angle during dynamic landing
was somewhat successful in that knee flexion angle was significantly increased,
although not of a sufficient magnitude to greatly benefit the hamstring muscles in their
role of providing a posterior tibial drawer force. Notwithstanding, verbal instructions
may be more effective when combined with other training modalities to substantially
increase knee flexion angle during dynamic landings. In contrast, the simple verbal
instruction given to subjects to activate their hamstring muscles earlier and more before
landing was not successful and instead resulted in undesirable changes in quadriceps
muscle recruitment. Therefore, as simple verbal instructions proved ineffective, Study 2
examined whether skilled athletes could be trained using electromyographic
biofeedback to activate their hamstring muscles earlier during landing to better protect
the ACL from injury. Despite conducting individual training sessions, the biofeedback
training program proved to be ineffective in producing the desired changes in
hamstring-quadriceps muscle synchrony in that the subjects, on average, were not able
to be trained to recruit their hamstring muscles earlier. An a priori analysis of the
muscle recruitment data using a single-subject design was also conducted (Study 3) to
ensure that individual differences as a result of the biofeedback training program were
not masked by the group data analysis used in Study 2. Although this analysis revealed
a high variability in the responses of the individuals to the training which were
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previously undetected, only one subject was shown to have activated both hamstring
muscles significantly earlier, thereby confirming the lack of success of the biofeedback
training program. However, such variability shows that individuals did not uniformly
respond to the biofeedback training, and poses the question as to whether individual
subjects require individualised training progression, and whether subjects naturally selfselect the most appropriate muscle recruitment patterns to best protect them as an
individual from ACL rupture during dynamic landing.

6.2

Recommendations for Future Research

Based on the findings of the present studies, it is recommended that further research is
conducted to examine the concepts listed below.
1)

Further research is recommended to examine if incorporating simple verbal
instructions into specific training programs focussing on landing kinematics
are effective in increasing the amount of knee flexion displayed during
dynamic landings, compared to what can be achieved through verbal
instructions alone.

2)

Epidemiological studies that monitor the incidence of ACL ruptures in
specific sports both before and after implementing interventions such as that
described in Recommendation (1) is recommended.

3)

Research to establish the most appropriate methodology for EMG
biofeedback training of the lower limb muscles in skilled populations, ACL
deficient and reconstructed populations, performing dynamic tasks is
urgently warranted.

4)

Studies that ascertain the effect of varying muscle recruitment strategies on
the actual stress and strain to the ACL during dynamic landing is required to
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establish if individuals self-select the most appropriate muscle activity for
them as individuals to protect their ACL from injury.
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Biofeedback Training Program
Biofeedback Training
Program
Week 1

Session 1

Session 2

Session 3

* instruct subject as to

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

how to use biofeedback

EMG preparation (BF & SM)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

prone contractions with flexed knee (15 degrees)

prone contractions starting at 50% MVC

perform 4-5 successful contractions now

take 3s MVC - use 40% of this level and progress to 50%

perform 4-5 successful trials at each knee angle

at 50% MVC for seated trials

do 4-5 successful trials per % (note: record mvc #)

repeat at 3 angles but now in seated position

repeat for all three knee angles

repeat but now with about 45 degrees knee flexion

at 40% of MVC (# from session 1 of week)

also perform eccentric contractions - length of

device and what output
means.

repeat but now with about 90 degrees knee flexion

COMMENTS

Week 2

time to get to fully extended (varied)

* vary length of contractions - how long held for

* vary length of contractions

* vary length of contractions

* switch muscles 1/2 way through session (BF always 1st)

* switch muscles 1/2 way through session (BF always 1st)

* switch muscles 1/2 way through session (BF always 1st)

* continue practices until 30 minutes is up

* continue practices until 30 minutes is up

* continue practices until 30 minutes is up

isoflexion, about 30-40 minute sessions, MVC once/week

can touch electrode so more aware of muscle to

abstein from other movements - trunk etc

rest enough between contractions.

contract. "tense/squeeze muscle" instructions

resist at knee so not flexing hip

Adjust by 10% increments. Apply henna dye after session

confirm henna dye still present

confirm henna dye still present

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

revise week 1 contractions at 50% MVC (new MVC)

start with standing contractions at 50% MVC

start with 50% MVC for standing trials in for 3 knee angles.

perform 4-5 contractions in prone and seated for

for 3 knee angles, 4-5 trials for each angle

with more trials (>4-5) at the most

each of the 3 knee angle conditions

increase to 60% and repeat trials

extended knee position (15 degrees)

perform 4-5 contractions standing at 40% MVC

also do eccentric contractions from 90 to extension.

increase to 60% MVC for above trials (repeated)

Biofeedback Training Program

COMMENTS

again with 3 knee angles

different counts from 90 to ext position

also perform eccentric trials (90 to ext) with heel resisted

* vary length of contractions

* vary length of contractions

* vary length of contractions

confirm henna dye still present - reapply if necessary

* resist heel for eccentric contractions

* confirm henna dye application - refresh if necessary

* MVC for week performed prone at 15 degrees flexion (3s)

*stand on phone book (left leg) for added height - easier to

"try to get to beep as quickly as possible and then relax"

then perform eccentric trials

also trials with varying length contractions

Week 3

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

start with standing trials

subjects to perform standing trials 60% MVC

subjects to now try stepping motion with

60% of new MVC

also eccentric trials (90 to full ext)

earlier hamstring contraction before IC

subjects also do eccentric contractions against

subjects to now try stepping motion with

muscle level set at 50% MVC

resistance (at heel)

earlier hamstring contraction before IC

keep practicing, and may then increase to 60%

subjects to now try stepping motion with

muscle level set at 50% MVC

depending on subject progress

earlier hamstring contraction before IC

vary hold time before step onto ground

step then leap variations

muscle level set at 40% MVC

also to beep and then step - short ones.

also leap higher or longer variations

* vary length of contractions

* vary length of contractions

* vary length of contractions

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

go more towards leap - to line on floor (something to target)

confirm henna application - apply more if needed

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

COMMENTS

Week 4

Biofeedback Training Program

COMMENTS

subjects to perform standing trials with 60% new MVC

subjects to drop down from a box (small)

subjects to perform leaps from floor

also eccentric trials

trying to contract hamstring muscles earlier

trying to contract hamstring muscles earlier

subjects to now try stepping motion with

before IC (50% muscle level)

before IC (50% MVC)

earlier hamstring contraction before IC

advance to 60% MVC (level of muscle activity)

perform many trials of this action and advance

muscle level set at 50 and 60%

to 60% MVC

vary leaps - distance, height, time before leap

start slow, work up: step, step then leap - step

allow enough rest between trials

left and then leap - trying to imitate test landing

* vary length of contractions

* vary length of contractions

* vary length of contractions

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

subjects to perform step, leaping, 2 step - step & leap

stepping, leaping at 60% - with lots of variety

continue to increase velocity of take-off with

remember to record MVC value - % based on this value for
the entire week (15 degrees flexion prone for MVC)

Week 5

trials - variety at 60% new MVC

60% MVC muscle level - try
take-off velocity will then be increased - try with

try run and land - like test landing but without

try to get leap in end to imitate test landing

60% MVC level of muscle activity

catching a ball at 60% MVC

encourage normal trunk and lower limb kinematics

take-off velocity will then be increased

more important to have good technique than

record MVC level - always prone 15 degrees - 3 sec.

a faster take-off velocity

* vary length of contractions

* vary length of contractions

* vary length of contractions

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

Biofeedback Training Program

confirm henna application and apply more in needed
COMMENTS

Week 6

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

5 minute warmup on cycle ergo & stretch (first)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

EMG preparation (BF & SM)

subjects perform stepping, leaping, run and leap trials

perform lots of run and leap trials at 50% MVC

keep performing trials with ball added, trying to

50% of new MVC muscle activity level

keep trying to imitate test landing

have earlier hamstring onset time and faster

ball included in landings

ball included in landings

running velocity
trials at 60% of MVC

COMMENTS

take-off velocity will then be increased

landings to be performed as above but now

still at 50% MVC

with 60% MVC

* vary length of contractions

* vary length of contractions

* vary length of contractions

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

3 sets of 3-4 contractions per exercise variation

confirm henna application, refresh if neccesary

Training Log

example

Day

Date

Activity/Training/Competition

Saturday

7th April

Jogged (crosscountry)

Day

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Test week

Monday

(commence log

Tuesday

on the day of

testing)

Subject Code____________

Activity session duration Low/medium/high intensity

30 minutes

medium

Any comments?

Fairly flat route

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Week 1

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Week 2

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Week 3

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Week 4

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Week 5

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Any comments?

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Week 6

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Day

Retest week

Monday

(hand in log

Tuesday

on re-test day)

Date

Activity/Training/Competition

Activity session duration Low/medium/high intensity

Wednesday

Thursday

Friday

Saturday

Sunday

Please give a detailed record of any injuries sustained during the training period or any sickness during this period.

If you have any queries please do not hesitate to call Liz on 42 21 3881 (w)

Any comments?

